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ABSTRACT
INVESTIGATION OF SOIL ORGANIC MATTER USING SOLID-STATE NUCLEAR
MAGNETIC RESONANCE
SEPTEMBER 2000
JINGDONG MAO, B.S., NANJING AGRICULTURAL UNIVERSITY
M.S., NANJING AGRICULTURAL UNIVERSITY
Ph.D. UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Baoshan Xing
Soil

organic

matter

(SOM)

plays

an

essential

role

in

agriculture

and

environments. Humic substance (HS) is a major component of SOM. This research was
to investigate HS using solid state nuclear magnetic resonance (NMR). Several
experiments were concluded, and their results and conclusions are reported below.
IT*

C direct-polarization magic-angle-spinning (DP/MAS) corrected by cross¬

polarization spin-lattice relaxation time (CP/Ti) experiments with total sideband
suppression (TOSS) were found to be quantitative. None of eight models proposed in the
literature totally match compositions determined with this technique. Qualitative and
quantitative analyses of HAs with five different

IT*

C solid-state NMR techniques were

assessed using different HAs. The techniques compared are: 1) DP/MAS at 13 kHz, 2)
conventional CP/MAS at 5 kHz, 3) ramp-CP/MAS at 8 kHz, 4) CP/TOSS at 4.5 kHz, and
5) DP/MAS corrected by CP/Ti-TOSS. DP/MAS or DP/MAS corrected by CP/Tj-TOSS
was used as a quantitative reference. Ramp-CP/MAS and CP/TOSS gave acceptable
qualitative results. Conventional CP/MAS spectra at ljC frequency of 75 MHz was
neither qualitatively nor quantitatively.

VI

Crystalline poly(methylene) exists in an untreated peat, soil humin and HAs but
little or none is present in fulvic acids (FAs). The similar characteristics of crystallites in
tree leaves and SOM indicate that crystallites in SOM might be from the biopolymers of
the protective parts of higher terrestrial plants.
New information on the chemical and physical structures of a peat HA was
obtained using a series of two-dimensional H- C heteronuclear correlation solid-state
NMR (HETCOR) experiments. COO carbons appeared to be prominently in OCHn-COO
environments, but some were also bonded to aromatic rings and aliphatic chains.
Compositional heterogeneity was also studied by introducing 'H spin diffusion into the
HETCOR experiment.
The chain mobility of different HAs was investigated with ID proton and 2D
WISE (wideline separation) solid-state NMR techniques. ID proton spectra only gave an
overall estimate of the mobility of HAs. 2D WISE showed that HS mobility difference
may arise from bound water.
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CHAPTER 1
INTRODUCTION

Soil organic matter (SOM) can be generally classified into humic substances (HSs)
and non-humic substances. The former are the highly transformed, relatively highmolecular-weight, amorphous and yellow to black colored materials formed by secondary
synthesis reactions, and the latter are recognizable plant debris and identifiable
macromolecular materials such as peptides, carbohydrates, fats and nucleic acids. The
term HSs are operational and used as a generic name to describe the colored substances or
their fractions based on solubility characteristics (Stevenson, 1994). The humic acid
(HA), fulvic acid (FA) and humin (HU) are defined as follows: HA is the fraction of HSs
that is not soluble in water under acid conditions but becomes soluble at a greater pH (the
level of acidification used by water scientists is pH 2 and pH 1 by soil scientists); FA is
the fraction that is soluble in water under all pH conditions; and HU is the fraction that is
insoluble in water at any pH value. It is generally considered that HU is closely
associated with the soil inorganic components.
HSs can account for 70-80% of the total SOM in soil (Hayes, 1997). They are also
present in all waters. Their amounts and characteristics are related to the HSs in the soils
of watersheds (Watt et al., 1996). Even though the HS contents in mineral soils are
generally in the range of 1-5%, they significantly affect soil properties and performance
and contribute to plant growth through their effects on the physical, chemical, and
biological properties of soils (Stevenson, 1994). HSs are also of environmental
significance (Stevenson, 1994). HSs may be involved in the transportation and
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subsequent concentration of mineral substances. They may also be responsible for the
enrichment of uranium and other metals in various bioliths such as coals. Aquatic HSs are
carriers of organic xenobiotics and can reduce toxicity of certain heavy metals to aquatic
organisms. Depending on environmental conditions, HSs can serve as oxidizers or
reducing agents and affect photochemical processes in natural waters, including the
photoalteration of xenobiotics. Moreover, HSs affect the sorption capacity of soils for
many organic and inorganic contaminants.
The characterization of HSs is fundamental to understanding their roles in nature
and environmental protection. Nuclear magnetic resonance (NMR) is a powerful tool for
HS characterization. NMR takes advantages of the magnetic properties of an observed
nucleus that are influenced not only by its chemical environment, but also by physical
interactions with its environment. NMR can be used to quantify functional groups,
elucidate chemical structures, and study the dynamics of different components.
The possibility of quantification using solid-state NMR has been investigated
extensively and up to now there has not been a satisfactory solution. The most popular
,3C solid-state NMR technique used in HS studies is Cross Polarization Magic Angle
Spinning (CP/MAS) (Wilson, 1987). Nevertheless this standard solid-state NMR
technique has various problems with quantification such as the reduced cross¬
polarization (CP) efficiency and magic-angle-spinning sidebands (Frund and Ludemann,
1989; Kinchesh et al., 1995; Preston, 1996; Wershaw and Mikita, 1987; Wilson, 1987).
Direct Polarization Magic Angle Spinning (DP/MAS) at high rotation speeds can avoid
CP problems. However, this technique has not found widespread use because for
quantitative spectra, it requires long recycle delays. Therefore, it is necessary to develop
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new quantitative techniques. Hu and Schmidt-Rohr (2000) used a new technique,
DP/MAS combined with T,c correction obtained from CP/T,-TOSS spectra, to quantify
polymer crystallinity. This new technique has proven to be a viable approach for
quantitative NMR analysis of polymers. By employing DP/MAS, the CP problems are
avoided. The sidebands can be reduced to an insignificant proportion by fast sample
spinning. The baseline problem can be minimized by a Hahn spin echo before detection.
The effects of incomplete relaxation are corrected by factors directly measured in CP/T,TOSS experiments. Other techniques such as cross polarization total sideband
suppression (CP/TOSS) and ramp-CP/MAS are also used for HS characterization.
Ramp-CP/MAS was claimed to be a very good technique for the characterization of HSs
(Cook et al., 1998). Hence, it would be good to compare different techniques: 1)
DP/MAS, 2) conventional CP/MAS, 3) ramp-CP/MAS, 4) CP/TOSS, and 5) DP/MAS
corrected by CP/T,-TOSS and find their advantages and disadvantages.
Considerable discrepancy exists regarding whether there are crystalline structures in
HSs. Routine X-ray diffraction has been used to investigate crystalline substances. For a
crystalline substance, sharp Braggy peaks are observed, and thus they can be
differentiated from amorphous materials which produce broad amorphous halos. Some
discrepancy regarding the presence of crystallites in HSs may arise from the fact that
there is the possibility of clay contamination in HSs (Stevenson, 1994). Van Dijk (1972)
reported that there might be HAs with both crystalline and amorphous structures. The
crystalline structures were thought to consist of conversion products of lignin and
condensates of microbial metabolites and the amorphous structure may have resulted
from the “ weathering” of carbonized organic matter.
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X-ray diffraction patterns of HAs often display a broad band near 3.5

A

which has

been attributed to condensed aromatic rings (Xing and Chen, 1999). Kodama and
Schnitzer (1967) examined a FA in some detail using X-ray diffraction. They found a
broad diffuse band near 4

A,

accompanied by a few minor humps. Their results suggest

that the carbon skeleton of FA consisted of a broken network of poorly condensed
aromatic rings with appreciable numbers of disordered aliphatic chains or alicyclic
structures around the edges of the aromatic layers.
A large number of synthetic polymers such as polyethylene are semicrystalline
with comparable amounts of crystalline and amorphous regions. NMR has been applied
to characterize the crystalline and amorphous structures in polyethylene (Schmidt-Rohr
and Spiess, 1994). NMR, unlike other probes such as X-ray, detects local order of
conformation, and thus measures much smaller crystals than X-ray diffraction does
(Schmidt-Rohr and Spiess, 1994). It was found that the l3C resonance at 33 ppm, assigned
to methylene backbone carbons in the all-trans conformation, reflects behavior in
ordered, crystalline lamellar regions whereas resonance near 31 ppm arises from
methylene in less ordered conformation with a high gauche conformational content. We
found similar crystalline and amorphous poly(methylene) in HSs (Hu et al., 2000).
Kogel-Knabner and Hatcher (1989) used dipolar dephasing to characterize the alkyl
carbon in forest soils. They found there were rigid and mobile components at
approximately 30 ppm. But they did not characterize the two components as amorphous
and crystalline. To our knowledge, ours are the first reports on the presence of crystal
domain in HSs. In Hu’s paper, only peat HAs were studied and there was no investigation
on FAs. Furthermore, the characteristics and origins of crystalline poly(methylene) are
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important to further understanding their roles in nature. Therefore, it is necessary to to
determine the possible presence of crystalline poly(methylene) in various SOM samples
including FAs and HAs extracted from mineral soils; to investigate the effects of
temperature, A1 and water on the crystalline poly(methylene) regions; and to examine
their possible origins.
One dimensional (ID) solid-state 13C NMR techniques such as cross polarization
magic angle spinning (CP/MAS) have provided much structural information on HAs but
the broad HA spectra typically obtained do not allow detailed analysis due to large
number of chemical species and broad linewidths. This difficulty can often be overcome
by the application of two-dimensional (2D) NMR techniques. In the 2D NMR
experiments, complex spectra are separated into component subspectra based on a second
spectroscopic parameter. The subspectra are simpler, more resolved, and thus easier to
interpret. 2D heteronuclear 13C-'H NMR method (HETCOR) was first used to
characterize organic compounds in solution. The method was successfully improved and
applied to the solid-state to study polymers and then coals. Although this technique is
very good for the search of the connections between different functional groups of HAs,
and thus HA models (Preston, 1996), no reports of such studies on HAs have been found
due to technical difficulty. Thus it is time for us to do some preliminary work in this
aspect.
The proposal of dual-mode sorption is based on the assumption that HSs exist in a
continuum of states, from relatively flexible to relatively rigid. (Xing and Pignatello,
1996; Xing and Pignatello, 1998). Thus, the investigation of the HS dynamics is
important to the understanding of dual-mode sorption and the proposal of remediation
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strategies for sorbed organic contaminants. However, little work has been reported on this
respect. Kogel-knabner and Hatcher (1989) studied the mobility of alkyl carbon in forest
soils by CP/M AS l3C NMR with dipolar dephasing and found that the peak at 30 ppm
showed both a rapidly decaying component and a slowly decaying component. Cook and
Langford (1998) characterized their HA and FA using solid-state 13C ramp CP/MAS and
tried to relate the mobility of different functional groups to l 3C spin-spin relaxation time.
The relaxation times cannot be accurately used for the investigation of HS mobility due
to paramagnetic materials. Dipolar dephasing is used for differentiating protonated and
unprotonated carbons.
Much work on mobility has been conducted for synthetic polymers. The NMR
methods for mobility study cover ID 'H spectral width and 2D WIdeline SEparation
(WISE) (Schmidt-Rohr and Spiess, 1994). The ID 'H spectral width reflects the strength
of the dipolar coupling. Rigid materials have broad 'H lines due to the static dipolar
couplings whereas mobile ones exhibit narrow ]H lines. 2D WIdeline SEparation (WISE)
is especially useful for heterogeneous systems like HSs because it can display the
mobility of different functional groups whereas ID 'H spectra can only estimate the
overall mobility of different functional groups in HSs (Schmidt-Rohr and Spiess, 1994).
In order to advance current understanding about the application of different NMR
techniques in HSs, new knowledge is needed to develop quantitative characterization
techniques, compare different NMR techniques, apply advanced NMR techniques to
obtain structural information, and investigate the dynamics of HSs. Based on these
results, more appropriate advanced NMR techniques can be employed in the study of HSs
and new structural information on HSs can be obtained. The results will have important
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consequences, on a fundamental level, with regard to a deeper understanding of the
reactivities of HSs with contaminants. My specific objectives are:
1. Develop a new quantitative NMR technique for HSs.
2. Compare existing NMR techniques and the new technique, evaluating the limitations,
and advantages of these techniques.
3. Examine and characterize crystalline domains in HSs.
4. Determine molecular compositions and connectivity using 2D HETCOR NMR
experiments.
5.

Study the mobility of different components in HSs.
This dissertation has seven chapters, In Chapter 2, I report on the quantitative

DP/MAS corrected by CP/T,TOSS technique. Several HA models are also evaluated
based on the data with this technique. This technique and four other existing techniques,
direct

polarization/magic

polarization/magic

angle

angle
spinning

spinning

(DP/MAS),

(CP/MAS),

conventional

ramp-CP/MAS,

and

cross
cross

polarization/total sideband suppression (CP/TOSS) are compared and their limitations
and advantages are discussed in Chapter 3. The existence, characteristics and possible
origins of crystalline aliphatic -(CH2)n- chains are reported in Chapter 4. New structural
information on a HA (Amherst HA) obtained using a series of two-dimensional 'H-nC
heteronuclear solid-state NMR (HETCOR) experiments are discussed in Chapter 5. In
this Chapter, several HA models are also evaluated based on some of the features found
in this study. The mobility of different components of HSs measured by 1D proton and
2D WISE NMR techniques is reported in Chapter 6. Lastly, I will conclude with
summaries and possible future research in Chapter 7.
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CHAPTER 2

QUANTITATIVE CHARACTERIZATION OF HUMIC ACIDS BY SOLID
STATE ,3C NMR*
Introduction
Humic acids exert a profound influence on many environmental processes in
nature (Stevenson, 1994).

Their reactivity with inorganic and organic contaminants

depends on their structures (Cameron and Sohn, 1992; Davies et al., 1997; Xing, 1997,
1998). Therefore, many efforts have been made to elucidate HA structures. Such
information is also important for assessing whether HAs can be extracted from some
plants (Ghabbour et al., 1994).
One of the most promising techniques for studying the chemical structure of HAs
is solid state
popular

C NMR, (Preston, 1996) which can interrogate intact samples. The most

C solid-state NMR technique used in HA studies is Cross Polarization Magic

Angle Spinning (CP/MAS) (Wilson, 1987). However, it is well known that this standard
solid-state NMR technique has various problems with quantification (Friind and
Ludemann, 1989; Kinchesh et al., 1995; Preston, 1996; Wershaw and Mikita, 1987;
Wilson, 1987).
The most widely appreciated shortcoming of CP/MAS NMR is the reduced cross¬
polarization (CP) efficiency for unprotonated carbons, mobile components, or regions
with short Tjph (proton rotating-frame spin-lattice relaxation time). The shortening of
TipH by paramagnetic species such as Fe in HAs, to less than 5 ms in many cases
(Pfeffer et al., 1984), causes protons to lose magnetization before complete transfer to
unprotonated carbons is achieved. This problem is present at all magnetic-field
strengths. The second well-known factor that makes CP/MAS spectra non-quantitative
arises from magic-angle-spinning sidebands, which reduce the intensity of the main line,

*A version of this Chapter was published in Soil Sci. Soc. Am. J. 64: 837-884 (2000)
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the centerband. This problem occurs prominently when the rotation frequency is smaller
than the chemical shift anisotropy (CSA), which is largest for sp2-hybridized carbons
such as aromatic and carbonyl groups and increases proportional to the magnetic-field
strength. While a high spinning rate can decrease the sidebands, it also interferes with CP
(Axelson, 1985; Stejskal et ah, 1997). The Total Sideband Suppression (TOSS) pulse
sequence (Dixon, 1982; Dixon et ah, 1982) reduces the sideband problem only in part,
because the intensity suppressed in the sidebands reappears only partially in the
centerband, and less so for the sp2-hybridized carbons with their large chemical-shift
anisotropies (Axelson, 1985; Schmidt-Rohr and Spiess, 1994). The third problem in
obtaining reliable spectra is the baseline distortion due to a dead-time at the start of
detection. This is particularly serious for HAs due to their broad spectral lines and wide
dispersion of chemical shifts.
Attempts have been made to improve the quantification by the use of ramped
cross-polarization, which even under high-speed MAS establishes the Hartmann-Hahn
matching condition necessary for CP (Metz et al., 1994, 1996; Peersen et al., 1993). An
amplitude ramp on either of the radiofrequency channels ( H or

C) during the CP

contact time improved the performance of CP experiments. This technique was recently
applied in the study of HS (Cook et al., 1997; Cook and Langford, 1998), but the contact
times needed according to studies of crystalline organic compounds (10 ms) are too long
to avoid a significant distortion of peak intensities in HAs by Tipn relaxation (Metz et
al., 1996).
An alternative that avoids most of the drawbacks of CP/MAS is Direct Polarization
Magic Angle Spinning (DP/MAS) at high rotation speeds. However, this technique has
not found widespread use because for quantitative spectra, it requires the recycle delays
between scans to be five times longer than the longest 13C spin-spin lattice relaxation
time TiC. In most glassy or crystalline materials, the longest TiC is of the order of 5
seconds to > 10,000 seconds, which requires forbiddingly long recycle delays. While
paramagnetics generally shorten the relaxation times in humic materials, in some HAs
the longest TiC is still of the order of tens of seconds (Kinchesh et al., 1995). In fact,
crystalline components have been found in HS (Hu et al., 2000).
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Consequently, for HAs with long TiC,s it is impractical to use DP/MAS alone to
obtain quantitative

C NMR spectra.

In this paper, we demonstrate that DP/MAS combined with TjC correction obtained
from CP/Tj-TOSS spectra is a viable approach for quantitative NMR analysis of HAs.
We have previously used this approach to quantify polymer crystallinity (Hu and
Schmidt-Rohr, 2000). By employing DP/MAS, the CP problems are avoided. The
sidebands can be reduced to an insignificant proportion by fast sample spinning: At 13
kHz spinning and a field strength of 7 Tesla, the largest sidebands, for the aromatics, are
suppressed to a total of less than 8% of the centerband (Herzfeld and Berger, 1980), and
placed outside the region of the centerbands, so that they can be integrated easily. The
baseline problem can be minimized by a Hahn spin echo before detection. The effects of
incomplete relaxation are corrected by factors directly measured in CP/Tj-TOSS
experiments. The objectives of this study are 1) to assess the quantitative reliability of
DP/MAS corrected by CP/Tj-TOSS for HAs and PEMs, 2) to characterize HAs of
different origins and PEMs, and 3) to compare the chemical composition information
provided by NMR with structural models of HAs.

NMR Background
Figure 2.1 shows the relatively simple NMR pulse sequences used in this work.
The DP/MAS experiment, Figure 2.1 (a), uses single-pulse excitation of

C and a Hahn

spin echo before detection. In the CP/Ti-TOSS pulse sequence shown in Figure 2.1 (b),
after cross-polarization from 'H and before the TOSS 180°-pulse train, a +z/-z filter is
£

applied so that the signal decays from full intensity towards zero as a result of Tj
relaxation and phase cycling (Torchia, 1978). Two CP/Ti-TOSS spectra are run at two
different TiC filter times. The first had a TiC filter time t±z = 500 ps, which is so short
that virtually no TiC relaxation occurs. The second had a filter time t±z equal to the
recycle delay used in the DP/MAS experiment. For example, the DP/MAS spectrum of
ARC HA was obtained with a recycle delay 5 s, and the second Ti

filter time of its

CP/Ti-TOSS spectrum was also set at t±z = 5 s.
The effects of relaxation on the signal intensity during the Ti filter in CP/TjTOSS and during the recycle delay in DP/MAS are sketched in Figure 2.2. Assuming
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that the relaxation dynamics is exponential, the DP/MAS signal area change with recycle
delay

trecy

is:

where S(trecy) is the DP/MAS peak area obtained with a recycle delay time trecy, 5(«)is the
DP/MAS peak area of the fully-relaxed spectrum, and Tj is

C spin lattice time. The

relaxation function r(treCy) is exponential, r(trecy) = exp(-trecy/Ti), for specific chemical
sites. However, in HAs overlap of signals of similar groups in different environments
can result in a non-exponential r(trecy). We therefore consider the most general case here.
As sketched in Figure 2.2, the CP/Ti-TOSS peak height change with filter time t±z
is:

, Kt±z) = h(0)x r(t±z)

(2)

where h(0) is the CP/TI-TOSS peak height with a short filter time of t±z = 500 ps, and
h(tfcz) is the CP/TI-TOSS peak height at a filter time W In our experiments, we chose Wz
trecy

to Then,

r(trecy=to) = r(W=to) = h(t±z=to)/h(0)

(3)

Substituting h(W= to)/h(0) for r(trecy) in Eq.l, we obtain the corrected intensity:

S(co) = S(trety=t0)x

h(0)
h(0)-h(t±I =t0)

(4)

Experimental Section
Origin and Preparation of HAs and PEMs
Six soil HAs [German, Irish, Amherst, New Hampshire (NH), and New York(NY)] and
three commercial HAs (IHSS, ARC and Aldrich), and three PEMs [from the brown alga
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P Hay ell a littoralis (L.) Kjellman (Ectocarpales), Water Hyacinth (Eichornia crassipes) leaf

and root (WHL and WHR)] were investigated. PEMs were obtained from plants following
the HA extraction procedures (Ghabbour et al., 1994). The extraction and purification
procedures were described in detail elsewhere (Ghabbour et al., 1994; Klute, 1986). Aldrich
HA was re-extracted and purified in our laboratory before use. The origins and some
analytical data of the HAs and PEMs are shown in Table 2.1.

NMR Spectroscopy
DP/MAS, CP/TOSS and CP/Tj-TOSS pulse sequences were used in this study. For
DP/MAS, the HA or PEM sample was packed in a 4-mm-diameter zirconia rotor with a
Kel-F cap and run at a

C frequency of 75 MHz in a Bruker DSX-300 spectrometer at a

spinning speed of 13 kHz. The 'H 90° and l3C 180°-pulse lengths were 3 ps and 6 ps,
respectively. In the Hahn spin echo, either a short period of 10 ps or one rotation period
(77 ps) was employed as the pre-echo delay to avoid baseline distortions.

The exact

timing of the start of detection for undistorted spectra was determined on a

C-labeled

model compound (a mixture of

C-labeled amino acids) with signals at both ends of the

i3C chemical-shift range. The number of scans varied from 8192 to 32768, depending on
the specific sample.
For CP/TOSS, samples were packed in a 7-mm-diameter zirconia rotor with a
Kel-F cap and run at 75 MHz in a Bruker MSL-300 spectrometer at a spinning speed of
4.5 klIz. The 'll 90° pulse length was 3.4 ps, the carbon 180° pulse 6.4 ps. The contact
time was 500 ps. The recycle delay was 1 s, and 4096 scans were recorded.
CP/Tj-TOSS was used to measure Tj by modifying the CP-TOSS pulse sequence,
see Figure 2.1. After the contact time and before the TOSS 180°-pulse train, a +z/-z
filter was applied so that the signal decays from full intensity to zero as a result of Ti
relaxation. (Torchia, 1978)
For most of the samples, overall measuring times on a DSX-300 spectrometer or
equivalent of 36 hours or less per sample were sufficient for the quantitative analysis.
For the samples with the shortest T| times, only a few hours were needed. The CP/TjIOSS experiment permits a relatively efficient determination of the required recycle
delay in the DP/MAS experiment, so that the measuring time can be minimized.
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Evaluation of DP/MAS Spectra Corrected by CP/Ti-TOSS
The following describes the steps used in the determination of the ideal fully
relaxed 13C signal intensities.
Experimental Estimate of ,3C Tj.
estimate the

The CP/Tj-TOSS experiment was used to

C Tj relaxation times. The Ti filter time t±z was increased from a starting

value of 2 s to 5 s until the intensity of every peak in the second CP/Ti-TOSS spectrum
had decayed to less than half of its height in the reference spectrum (i.e., the spectrum
obtained at t±z = 500 ps). This ensures that the correction factors in Eq. 4 are small and
thus minimizes the effects of noise and baseline distortion.
Acquisition of a DP/MAS Spectrum. The spectra were obtained under the
conditions described in the section NMR Spectroscopy. The recycle delay time
depended on the longest

C Ti relaxation time in the given sample. If the longest

C Ti

of the sample as measured in the CP/Tj-TOSS experiment was less than 2 s, as for
samples with high ash content, the recycle delay was chosen as 5 Tj , which yields a
completely relaxed DP/MAS spectrum. Otherwise, the recycle delay was chosen equal
to the Tj filter delay t±z in the corresponding CP/Ti-TOSS experiment.
Deconvolution of Spectra. The Bruker Xedplot 2.2.0 deconvolution software was
used to deconvolute a spectrum composed of overlapping peaks into individual bands
(Pierce et al., 1990; Wershaw et al., 1996). The positions of the fitted bands were
determined from the obvious peaks in the spectrum. Nevertheless, if one peak could not
be fitted with a single band, another band was used to improve the fit. The bands were
fitted with 100% Gaussian line shapes; Lorentzian line shapes have long tails and would
lead to excessive overlap of neighboring bands. By measuring T2, we have found
experimentally that the line-broadening is predominantly heterogeneous, which justifies
Gaussian lineshapes.
Relaxation Correction Based on Two CP/Tj-TOSS Spectra.

If the DP/MAS

spectrum was not the result of complete relaxation, two CP/Tj-TOSS spectra were run.
Then, Eq.4 was used to correct the DP/MAS spectrum.
Calculation of the Sideband Percentage of sp2 Carbons. Aromatic and carbonyl
groups have the greatest CSA. At 13 kHz, the sidebands of a typical aromatic group are
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7% of its centerband and 4% in the case of carbonyl groups. Thus, the sideband
percentage of the two groups should be added to the centerband.

Ratio of sp:-C to sp3-C
The ratio of sp:-C to sp'-C was calculated from the corrected DP/MAS spectrum
area using Eq. 5:

cjm?(108 - 220 ppm)
area{ 0 - 108 ppm)

(5)

Actually, there can be both sp:- and sp'-C in the 96-108 ppm region. However,
for consistency and convenience in making comparisons, we include this range in the sp‘C.
The software of ACDs Spectrum Calculators.E was used to obtain chemical shifts
for carbons in HA models. In the calculation of the ratio of sp:-C to sp'-C. the definition
of Eq. 5 was used for the calculated chemical shifts as well.

Estimate of Elemental Composition from NMR Data
In order to examine the reliability' of the NMR technique, elemental compositions
of %C, %H and %(0 + N) were estimated from the NMR spectra obtained from
DP/MAS spectra corrected by CP/Ti-TOSS. and then compared with the results from
routine chemical analyses.
Calculation of%C, %oH and %(0 + N). From the band intensities at the various L’C
chemical shifts (Breitmaier and Voelter. 1987; Cook et ah, 1997; Malcolm. 1990;
Stevenson. 1994), the elemental numbers of C. H and O of different deconvoluted bands
can be estimated. Table 2.2 lists the ranges used. As several different functional groups
can contribute to a given range, the numbers of each element were generally obtained
based on the average of the elemental numbers in those functional groups. For example,
for the 145-162 ppm region, the main functional groups are aromatic C-O- and C-OH
moieties. Thus, the C number is 1, the O number is 1, and the average of H is 0.5.
Hence, the estimated average elemental composition of this chemical shift range is
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OO':f v

V fuvueval groups in the °o-lO$ ppm range are assigned to anomeric

carSons OMPH-O Tv two owcens arc usualh shared bv other carbons, in C-O-CII-OC

'vagov a:v. s!v;:!v'. there tore be only counted half, giving an elemental composition

ofewa
Or.T suieband correction was needed for the fully-relaxed spectra, while both
sideband ana CP T.-TOSS corrections (described above) were applied to

the

: rvorup jeiep relaxed spectra. After these corrections, the percentages of all the bands
were added up and normalized to 100°o. i.e.. each individual percentage was divided by
the sun*. The deconvolved bands were grouped according to the eleven ranges listed in
Table IT. Tnen. the °oC. coH and °o(0 + N) were calculated using the following
equations:

(6A)

%C = IPOOD

(6B)
D-

(6C)
U /=!

with
ii

D = 16 x

n

/=]

/=]

where

(6D)

Sp> +1200+ Yan"Pi

and n ' are the elemental numbers of H and (O + N), respectively, as given in

Table 2.2, and the „ are the percentages for the 11 individual ranges or peaks. Because
i'

1) the O and N-containing functional groups were generally overlapped, 2) the
percentage of nitrogen is relatively low in HAs, and 3) the atomic weight of nitrogen is
clo'^e to that of oxygen, the O and N content were calculated together and the calculation
weight for fN + O) was chosen as 16, with 12 and 1 for C and H, respectively. Because
the sum of carbon p is 100 and the atomic weight is 12, carbon contributes 1200 in Eqs.
6A and 6D.
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Estimate of Carbon Loss

HS can contain significant amounts of inorganic and/or organic paramagnetic
species. The dipolar couplings between the unpaired electrons and nearby nuclear spins
can broaden the NMR signal of those nuclei beyond detectability. If these NMRinvisible species make up a significant fraction of the material and have a different
composition than the sites more remote from the paramagnetics, the NMR analysis will
be incorrect (Pfeffer et al., 1984, Preston et al., 1984; Preston and Newman, 1992;
Skjemstad et ah, 1994). We have determined the “NMR carbon loss” and assessed the
spectral-intensity distortion by comparing the spectra of the same HA material before
and after de-ashing.

Results and Discussion
Elemental Composition Estimate from NMR Spectra

The experimental estimation of

C T\

relaxation times indicated that ARC,

IHSS, high-ash Florida, and NY HAs had short relaxation times (< 3 s); Amherst, Aldrich
and NH HAs exhibited intermediate relaxation times (3-5 s); Irish and low-ash Florida
HAs as well as Pilayella, WHL, and WHR PEMs displayed long 13C TiC relaxation times
(5-12 s), and German HA showed a very long

C T\

(— 15 s) The recycle delays of

HAs with the short relaxation times were set to five times of their longest

C Tj in their

DP/MAS experiments. Thus, their fully relaxed spectra were obtained (Figure 2.3) and no
CP/Ti-TOSS corrections needed.
Ideally, one would like to also set the recycle delays of HAs or PEMs with longer
13C TiC relaxation times long enough to obtain fully relaxed, quantitative DP/MAS
spectra. However, instrument availability and productivity often do not allow this. For
those HAs or PEMs, an incompletely relaxed DP MAS spectrum was measured and two
CP/Ti-TOSS spectra were run to determine the correction factor. For Amherst HA, for
instance, the CP/Ti-TOSS signal decays within 5 s to less than half of the initial intensity.
Therefore, its DP/MAS recycle delay was set to 5 s and the intensities were corrected by
the factors determined from the CP/Ti-TOSS spectra (Figure 2.4). In the quantification
procedure, the DP/MAS spectrum was deconvoluted into 20 individual bands (Figure
2.5). The percentages of the deconvoluted bands were corrected using Eq. 5 and
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including the sidebands of aromatic- and carbonyl-C. After normalization, the
percentages were grouped according to peaks or chemical shifts in Table 2.2. The %C,
%H and %(N + O) were calculated using Eqs. 5-6: %C = 50.6, %H = 4.81 and %(0 + N)
= 44.6. Due to the grouping, the use of a large number of bands in the deconvolution
does not represent an overconfident interpretation of the data.
To test the reliability of this procedure, we also acquired a fully-relaxed DP/MAS
spectrum of the same Amherst HA sample with a recycle delay of 25 s (Figure 2.3). The
results of the quantification given in Table 2.3 show good agreement with those of the
corrected incompletely relaxed spectrum, proving that the corrected DP/MAS technique
is viable. The elemental composition estimated from the fully-relaxed spectrum is %C =
51.7, %H = 4.73 and %(0 + N) = 43.6, respectively, which gives slightly improved
agreement with chemical analysis.
The intensity in the second CP/Tj-TOSS spectrum from which the correction
factors are calculated should be less than half of that in the first one, in order to avoid
large correction errors due to noise and baseline distortion. This phenomenon was
observed in the case of German HA. After a filter time of t±z = 4 s, the sp carbons had
hardly relaxed. By using the correction factors obtained from the two spectra, %C, %H
and %(0 + N) were calculated as 43.2, 4.03 and 52.8, which is completely inconsistent
with the elemental analysis. The reason for the discrepancy are the large and uncertain
correction factors of up to 45. However, when the filter time of the second CP/Ti-TOSS
spectrum was t±z = 25 s, the intensity of the reference spectrum relaxed to less than half
(Figure 2.4). Thus, the correction factors were smaller than two, and %C, %H and %(0
+ N) were calculated as 50.7 ± 2.9, 4.67 ± 0.25 and 44.7 ± 2.7, which is comparable to
chemical analysis. Generally, the best sensitivity per time will be obtained with a recycle
delay of 1.3 TiC, which corresponds to a decay of the intensity in the CP/Ti-TOSS
spectrum to 25%.

Comparison of Elemental Compositions Estimated by NMR and from Chemical
Analysis

The %C, %H and %(N + O) from NMR calculation and chemical analysis are
compared in Figure 2.6. Under ideal conditions, if the two methods are in complete
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agreement, all the dots in Figure 2.6 should be on the straight lines y = x. Actually, the
dots in Figure 2.6 are close to or on these lines, showing that NMR is consistent with
elemental analysis.

Only the NMR H content shows some scatter and seems to be

systematically somewhat too high. This indicates a slight overestimate of the H content
of some of the chemical groups in Table 2.2.
elemental analysis is not trivial.

The good agreement of the NMR and

For instance, significantly inconsistent results were

obtained in cases, e.g. for Pilayella PEM and Irish HA, where the recycle delays were not
set long enough; within a time equal to this recycle delay, the intensity in the CP/TjTOSS filter experiments relaxed to no less than half, which resulted in large correction
errors.

These unreliable data were excluded from the further analysis. In summary,

DP/MAS with CP/Tj-TOSS correction is a reliable technique if the second filter time of
CP/Ti-TOSS is long enough to make the intensity relax to less than half of the initial
value.

Carbon Loss Due to Paramagnetics

The large dipolar couplings to the unpaired electrons of paramagnetic species
broaden the lines of nearby JC nuclei beyond detectability (“invisible carbon”).
removal of their intensity from the

The

C NMR spectra is commonly referred to as “carbon

loss”. To assess its influence on the measured spectra, we compared the signal obtained
from a high-ash (4.3%) HA of that from the same material after purification to low ash
content (< 0.1%). Equal amounts of sample were measured in immediate succession, and
the measurements were repeated several times to ensure reproducibility.

As seen in

Figure 2.7A , the signal of the high-ash sample is 68% of that of the purified material.
With the reasonable assumption of a linear relation between ash content and carbon loss,
for the samples in this study, 80 - 99% of all carbons are detected.
Figure 2.7B shows a comparison of the spectral lineshapes of the high-ash and lowash spectra Their good agreement means that the effect of paramagnetics on the NMR
quantification is insignificant at least in this HA.

It also shows that the HF and HC1

treatment for purification does not affect the composition in terms of chemical groups.
We also deconvoluted the two spectra and found that there was little significant
difference in composition. These results are in agreement with findings of Schmidt et al.
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(1997). who also observed no major difference between the spectra of untreated and deashed HAs. Only a detail, namely the possible preferential carbon loss of carbohydrates,
is not confirmed here.

Comparison of HAs of Different Origins and of PEMs

CP TOSS spectra indicate qualitatively differences in composition between the
various HAs and PEMs (Figure 2.8). All the soil HAs are similar, except Florida and. to
some extent. NY HA. The soil HAs exhibit distinct peaks at 31 ppm. 55 ppm. 75 ppm.
130 ppm. and 175 ppm. NY HA is very similar to Florida HA in the sp:-carbon region,
both having two broad peaks without a peak around 150 ppm (Figure 2.3. Figure 2.8).
Compared with soil HAs. Pilayella and WT1L PEMs have a much higher percentage of
sp'' carbons. WTLR PEM has only three major peaks, indicating a relatively simple
composition of this PEM. The IHSS Leonardite. ARC. and Aldrich HA spectra are also
relatively simple, with a sharp peak in the aliphatic region and a broad 100-180 ppm
region, characteristic of coal HAs.
Figure 2.9 and 2.10 display the quantitative results obtained from the DP MAS
spectra corrected by CP Ti-TOSS. Each spectrum has been partitioned into nine regions
corresponding to relatively distinct peaks in the spectra of Figure 2.3 and Figure 2.8.
They represent ketone quinone aldehyde, carboxyl ester quinone. phenolic, aromatic,
complex-aromatic anomeric. carbohydrate ether, methoxy methyne. complex-aliphatic,
and simple-aliphatic carbon concentrations. The anomeric peak, while not always clearly
resolved, has been confirmed in .Amherst HA based on its ]H chemical shift (Chapter 4).
The quantitative results confirm the trends seen in the qualitative CP/TOSS
spectra. For the soil HAs. the percentages of each functional group in Amherst. German
and XH FLAs are similar except that XH HA has a lower carbonyl fraction. Florida and
NY HAs have almost no anomeric and less carbohydrate and phenolic carbons.

This

suggests that Florida and XY HAs are older than the other soil HAs. W ith long exposure
of HAs to attack by microorganisms, easily decomposed compounds such as proteins,
carbohydrates and phenolic groups are reduced (Stevenson. 1994; Xing and Chen. 1999).
This phenomenon is especially distinctive in coal HAs such as IHSS. ARC and Aldrich.
There are no detectable anomeric carbons and less than 6°o of carbohydrates, but a much
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higher aromatic content in those old HAs. PEMs have a lot of carbohydrate-C, 17.6% for
WHL and 37.4% for WHR, indicating limited humification. In summary, these results
clearly indicate that the Histosol HAs are different from both coal HAs and PEMs; their
structures are relatively uniform, which suggests that the search for a general structural
model for HAs from Histosols is promising.

Comparison with Previous NMR of HAs
Solid-state NMR has been used extensively in attempts to quantify the composition
of HAs and other HS (Preston, 1996; Mahieu et al., 1999). Our results show that the CP
spectra in the literature were clearly non-quantitative. The most striking and unequivocal
difference is in the CO signals, which were underestimated by a factor of ~ 2 in the CP
spectra. This is shown by comparison with CP/MAS results for peat and Leonardite HAs
in the literature (Ayuso et al., 1997), see Table 2.3. This significant difference, which
agrees with findings by Golchin et al. (1997a and b) who compared CP with DP/MAS for
a few samples, also reduced the sp /sp ratios estimated from CP/MAS spectra in the
literature. In addition, there are other deviations of the literature CP data from our DP
results. The aliphatic-carbon content obtained from the CP/MAS spectra of peat HA in
Ayuso’s paper (1997) was unusually high (29.1%), and their Leonardite HA CP spectra
had a carbohydrate signal much higher than in any of the three old HAs characterized
here.
The systematic underestimation of the CO carbons in CP spectra is due to their
long distance from the nearest protons, which makes them cross-polarize poorly. Ramped
CP does not alleviate this problem significantly, because the varying spin-lock field
strength means that unprotonated sites are Hartmann-Hahn matched only for a small
fraction of the total spin lock time. There is insufficient time for complete transfer on the
time scale during which decay due to T]PH is negligible. For a typical humic-acid Tiph of
4 ms, the signals decays by 22% within 1 ms of spin lock, which is barely long enough to
cross polarize the unprotonated carbon sites fully. In addition, the sidebands of the sp carbons, which detract from the centerband intensity, have also been consistently
underestimated.
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The erroneously low CO content and reduced sp2- to sp3-carbon ratio has led to
incorrect conclusions, such as statements that HAs are predominantly aliphatic. Our
results show the necessity of a significant revision of data and models that use previous
CP/M AS NMR results quantitatively. Only comparisons between samples, i.e. relative
changes of peak intensities, are still valid (Wilson, 1987). Even then, the sensitivity of the
cross-polarization condition to small changes in field strengths makes sp2-carbon peak
intensities unreliable.

Comparison with HA Model Structures
Over the years, various models for HAs have been proposed. Based on our NMR
quantification of HAs, we can now test these models. The right hand side of Figure 2.9
and

2.10

display the compositions of eight model structures according to the nine spectral

ranges, obtained based on chemical-shift calculations using ACDs Spectrum Calculators
software. The resulting spectra are arranged in an order that matches that of the
experimental spectra to some extent.
Steelink (1985) proposed a tetramer HA model containing aromatic rings,
phenols, and quinones linked by aliphatic units with many OH groups.

The COOH

groups in this model are linked exclusively to aliphatic groups. The composition in terms
of the various sp -C matches that of the older soil HAs (NY and Florida), but the
structure is lacking OCH3 or CH groups in the 50-60 ppm range, as well as anomeric
carbons. These should be added to produce an acceptable model of HA structure.
Modifying Steelink’s model (1985), Jansen et al. (1996) proposed a building
block of HAs which has seven chiral centers and thus 128 stereoisomers.

Instead of

quinones, it exhibits ketones or aldehydes. Again, the sp -C composition matches that of
NY and Florida HAs well, but simple aliphatics (signals below 35 ppm) as well as
anomeric carbons are missing. Nevertheless, among the models tested here, those of
Steelink and Jansen et al. represent two of the closest approximations to the composition
of the soil HAs, in particular in the sp2-C region, and may be a good starting point for
model refinement.
Based on the idea that the structure of HAs was generated by a combination of
four predominantly aromatic building blocks, namely a “dimer
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formed by the coupling

of two

lignin-derived

oxidation

products,

a

“phenol-amino

acid

complex”,

a

hydroxyquinone. and a C6-C3 “structural unit of lignin”, Stevenson (1994) developed a
model which he considered to ‘‘contain many requirements for a ‘typical1 soil humic
acid", by adding units such as a condensed aromatic ring to the four building blocks. In
Stevenson's model, the COOH groups are mostly attached to aromatic rings, which
dominate the structure. Amino acid sidegroups, which are only vaguely defined in the
model, were not included in the analysis here. The concentration of aliphatic components
in the core structure of Stevenson's model is clearly lower than in the experimental
spectra of soil FIAs. Most of the 96-108 ppm signal in this model is due to complex
aromatic structures and therefore shown in black like the other aromatics.
Schulten and Schnitzer's complex model (1993) reflects the results from CP/MAS
C-XMR (which we have shown to be unreliable), analytical pyrolysis, and oxidative
degradation data. The structures are aromatic rings linked by long-chain alkyl structures
and have many COOH and OH groups on both the aromatic rings and aliphatic side
chains.

In spite of the model’s complexity, the composition does not match the soil

humic acids particularly well; however, it has some resemblance to the coal-extracted
(IHSS, ARC, and Aldrich) HAs.
An old model by Fuchs (Stevenson, 1994) was derived from results for coal HAs
with a condensed ring system to which COOH and OH groups are attached. In fact, it
reproduces several of the features of the three coal-extracted HAs. The main discrepancy
is the absence of simple aliphatics from the model. Here, the 96-108 ppm signal arises
from aromatic structures and is therefore shown in black.

Flaig’s model (Stevenson,

1994) consists of many linked aromatic, phenolic, or quinonic rings but contains only few
COOH and aliphatic groups.

Except for having too many phenolic and too few COO

groups, it resembles the ARC coal-extracted humic acid very closely.
Dragunov’s model (Kononova, 1966) suggested that the main structure of soil HA
at least partially consists of aromatic rings of the di- or trihydroxyphenol-type bridged by
-0-. -(CH2V, -NH-, -N- and contains COOH, OH and quinone-type linkages. This main
structure is linked with proteinaceous and carbohydrate residues through covalent bonds.
The resulting composition has similarities with the experimental results for the extract
from WH root, but does not match the soil humic acids.
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Leenheer (Averett et al., 1989) proposed three basically similar models of an
aquatic FA. These models all contain two aromatic rings and one tetrahydrofuran ring as
main blocks, and some methyl-terminated sidegroups.

Ketones but no quinones are

included. As shown, the structure has a resemblance to the WH leaf extract.

It is

interesting to note that of all the models, this one exhibits the spJ-C structure which
resembles that of the soil HAs most closely. After reduction of the number of COO
groups and addition of phenolic groups as well as OCH3 and amino-acid groups, the
match to the soil HAs would be quite acceptable.
The sp / sp -carbon ratios of the different HA models in the literature were
calculated according to Eq. 5 and compared with the experimental data, where it can be
obtained nearly assumption-free by integrating two quite distinct regions of the NMR
spectra.

The sp /sp -carbon ratios of all the model, except Flaig’s, range from 1.19 to

3.56 (Figure 2.11). The ratio of sp to sp of soil HAs range from 1.11-2.83 while those of
coal HAs varies from 1.58-3.44. The wide range sp /sp ratios of HAs used in this study
cannot be represented by a single model in the literature. Flaig's, Fuchs's, Stevenson’s
and Steelink’s models contain predominantly aromatic carbons, which makes them
similar to the commercial, coal-derived HAs in our study. There are more aliphatics in
Jansen et al.'s, Dragunov's, Leenheer’s, and Schulten & Schnitzer's model.
The quantitative NMR data obtained here make it possible to identify which
models may be suitable for describing soil HAs, and which for coal humic acids. None
of the eight evaluated models matches the composition of soil HAs completely.
Nevertheless, for a few models (e.g. those of Jansen et al., and of Leenheer) simple
modifications can be made to achieve a good match with the experimental soil humic
acid data. A combination of the sp2-C units in the model of Jansen et al. with the sp3-C
residues in Leenheer’s model might be a good starting point. To narrow down the model
requirements further, more precise identification of specific building blocks is necessary.
Advanced solid-state NMR has the potential to achieve this and work along these lines is
in progress (Chapter 4).
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Conclusions
Quantitative NMR characterization of HAs and other HS is possible within
reasonable measuring times using DP/MAS with CP/Ti-TOSS correction for incomplete
relaxation.

The results obtained for eight HAs and two plant extracts with significant

variations in carbon-to-(oxygen + nitrogen) ratio correlate well with the elemental
analysis and expose the expected shortcomings of the traditional CP/MAS technique. The
quantitative NMR data permit critical tests of structural models of HAs, whose spectra
were predicted using a chemical-shift calculation program. Of the eight models tested,
none gave a fully satisfactory match with the experimental peat-soil HA data, but a few
models show promising results for either the sp -C or the sp -C region.
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Table 2.1. Origins and some analytical data for the HSs and PEMs usedt
HA/PEM

origin

Florida peat Florida Pahokee peat
soil provided by International
Humic Substances Society
(IHSS)
German
a peat near Bad
Pyrmont, Germany
Irish
peat provided by Turf Board
Company, Cork, Ireland
Amherst
a peat in Amherst,
Massachusetts, USA
a bog soil in Rumney,
NH
New Hampshire, USA
an alluvial farm soil
NY
from New York, USA
Florida Pahokee peat soil
Florida §
Proided by IHSS

%C
48.0

%H
5.05

50.5

%0
43.7

%N
3.32

%ash
6.9

%Fe
NAJ

5.32

42.5

1.71

1.5

0.03

50.5

5.56

41.9

2.06

0.89

0.025

52.9

4.49

40.0

2.57

<0.1

NA

52.9

5.40

39.7

2.00

0.25

0.024

53.8

5.08

37.3

3.89

1.2

0.3

52.0

41.2
3.56
±0.15 ±3.0
37.4
3.46

±2.9
55.7

3.28

4.3
±0.17 ± 1.3
3.44
<0.1

NA|

ibid, but purified using HF
NAJ
and HC1 in our laboratory
NAJ
34.5
0.96
60.0
4.47
<0.1
a product of Aldrich
Chemical Company
1.12
NAJ
59.2
4.08
35.6
2.3
a standard (Leonardite)
IHSS U
from IHSS
0.26
1.29
2.6
3.97
38.7
56.0
a product of Arctech,
ARC
Inc., Chantilly, Virginia
0.0002
4.34
0.6
41.8
5.36
a PEM extracted from Water 48.6
WHR
Hyacinthe root
0.9
0.0001
8.60
32.8
5.83
a PEM extracted from Water 52.8
WHL
Hyacinthe leaf
2.4
0.15
5.68
42.1
5.68
46.6
a PEM extracted from the
Pilayella
brown alga Pilayella
littoralis
|The elemental compositions was calculated on the assumption that the sum of C,

Purified
Florida
Aldrich

H, O and N were 100%. t Not available. §The average of two determinations.
^Considering water absorption during storage, IHSS elemental compositions were
measured again in our laboratory.
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Table 2.2. Assignments and elemental numbers of different chemical shift ranges
functional groups

range chem. shift

elemental compos.

(ppm)
1

190-220

ketone, quinone, aldehyde

C=0, HC=0

2

162-190

carboxyl, ester, quinone

COO f, coo

3

145-162

phenolic

C-0-, C-OH

COH0.5

4

120-145

aromatic

CH, C

CH0.5

5

108-120

aromatic

CH

CH

6

96-108

anomeric, aromatic carbon J

O-CH-O

CHO

COH0.5
CO1.75H0.5

neighboring phenolic carbons
7

60-96

saccharide, alcohol, ether

CHOH, CH2OH, CH2-0-

8

50-60

methoxy, methine, quaternary

CH30-, CH-NH, CH, C

9

35-50

complex aliphatic

CH2, CH, C

CH

10

25-35

methylene in simple aliphatics

ch2

ch2

11

0-25

methyl

ch3

ch3

ch25o
CHlsOos

|Ester} Not considered in composition since ]H chemical shifts show little complex
aromatic contribution in Amherst HA (Mao et al, Chapter 5); in coal HAs, this
component is insignificant.
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Table 2.3. Functional group composition of HAs and PEM in our study compared with
CP/MAS data of Ayuso et al. (1997).
sample

German HAf
Amherst HA§
Amherst HAf
NH HA{
NY HAf
Florida HA§
Aldrich HAf
IHSS LEON HA§
ARC HA§
WHR PEMf

aliphatic
0-50
ppm

carbohydrate
50-108
ppm

19.liO.8J
17.3
15.810.9

28.113.4
25.0

PPm
33.714.7
40.8

24.914.2

38.917.7

17.010.8
19.810.6
12.3

31.615.0
18.611.3
13.8

33.413.0
14.9
14.2

6.010.5
7.7
9.6
53.0112.1

39.019.6
41.212.2
47.5
45.116.3
55.4
54.8
14.012.9
22.612.8
55.8
41.4

18.810.77
29.2

aromatic
108-162

carboxylic
162-220
ppm

sp /sp

19.212.3
16.9
20.514.2
12.413.2
20.311.2
26.4
15.612.2
22.3
21.3
14.213.4

1.1410.25
1.89

16.311.6
WHL PEMf
32.011.4
12.2
16.4
15.9
Leonardite HA§^f
9.0
29.1
20.5
peat FIA§^|
•{•Incompletely relaxed and corrected. {Correction error. § Fully relaxed. f(Ayuso et
1997).
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1.5310.49
1.1110.40
1.6110.17
2.83
1.5810.36
3.44
3.20
0.4310.16
0.6410.09
2.11
1.02
al.,

Figure 2.1. NMR pulse sequences used in this work, (a): DP/MAS
(b) CP/Ti TOSS.

h(t±z)

Figure 2.2 . Sketch of the related changes of signal intensity with time for
(a) CP/Ti-TOSS with Trfilter time W, (b) DP/MAS with recycle
delay trccy.
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Figure 2.3. Fully and almost fully relaxed DP/MAS spectra of five HAs and
Florida peat as indicated on the right. The recycle delays are given
on the left. Note the large intensity of the sp2 carbons (which still
tend to be underrepresented due to their longer relaxation times).
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Figure 2.4. Two CP/T1-TOSS spectra of HAs at different relaxation rate:
A = IHSS HA, fully relaxed at filter time W= 5 s; B = Florida HA,
nearly fully relaxed at filter time t±z = 5 s; C = Amherst HA,
relaxed nearly half at filter time t±z = 5 s; D = German HA,
relaxed more than half at filter time X±z ~ 25 s.
2

Figure 2.5.

Deconvolution of the incompletely relaxed DP/MAS spectrum
of Amherst HA. The numbers above the spectrum refer to the
bands corresponding to the ranges listed in Table 2.
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Elemental Composition from NMR calculation
Elemental Compositions from Chemical Analysis

Figure 2.6. The correlation curves for %C, %H and %(0 + N) between chemical
analyses and NMR estimation. Diamond: peat; Circles: soil HAs;
triangles: coal HAs; squares: PEMs. The solid lines represent the
relationship y = x.
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A

B

Absolute dual display

Relative dual display

Figure 2.7. Spectra of low-ash and high-ash Florida HA. (A) Absolute-intensity
comparison. The reduced intensity of the high-ash sample represents
“carbon loss” (invisible carbon) due to paramagnetic species (see text).
(B) Comparison of lineshapes after matching the intensities of the
highest peaks.
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Figure 2.8. Series of CP-TOSS spectra of HAs of different origins, Florida peat
and PEMs, as indicated.
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Peat HAs:

HA models:

arom.
C=o - C-0 aliph.
German

i-n-i

OO

HA models:

arom.
C-0

arom.
aliph.

Steelink

Schulten & Schnitzer

Jansen et al.

Dragunov

-SkJrn-^-n
Amherst

NH

NY

Stevenson

Leenheer

fZta^O
Florida

Figure 2.9. Bar-graph plot of composition of five peat HAs as obtained from
DP/MAS corrected by CP/Ti-TOSS. Bar graphs of compositions
calculated from six models of HA structures are also shown.
The bars (from left to right) represent nine chemical-shift ranges
(identified by numbers as defined in Table 2):
1 (ketone/quinone), 2 (quinone/carboxyl), 3 (phenol), 4-5
(aromatic), 6 (complex aromatic/anomeric), 7 (carbohydrate), 8 (ether),
9 (complex aliphatic), 10-11 (simple aliphatic).
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Plant extracts:

Commercial HAs:

arom.

C-0

c=o arom.

HA models:

aliph.

WH root

WH leaf
Peat:

IHSS Florida peat

IHSS

Figure 2.10. Bar-graph plot of composition of two PEMs, three commercial
HAs as obtained from DP/MAS corrected by CP/Ti-TOSS.
Bar graphs of compositions calculated from two models of HA
structures are also shown. The bars (from left to right)
represent nine chemical-shift ranges (identified by numbers
as defined in Table 2): 1 (ketone/quinone), 2 (quinone/carboxyl),
3 (phenol), 4-5 (aromatic), 6 (complex aromatic/anomeric),
7 (carbohydrate), 8 (ether), 9 (complex aliphatic),
10-11 (simple aliphatic).
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IHSS Florida peat
WHL PEM

H

WHRPEM

'//////////A—i

Aldrich HA
Z////////////////////)r-\ ARC HA

W^ZZZZZZZZZZZZ^ZZH IHSS LEON HA
Florida HA
NY HA
NHHA
Amherst HA
German HA
Stevenson
Steelink
H Schulten and Schnitzer
_h Leenheer
Jansen et al.
-1 Fuchs

Flaig.
Dragunov
1

0

1

3

4

[sp2]/[sp3]

Figure 2.11. The sp2 / sp3-carbon ratio in Florida peat, PEMs, HAs and models
of HA structure. The uncertain assignment of the 96-108 ppm
region of several models and the variability in Schulten and
Schnitzer’s model are taken into account by error bars.
In Stevenson’s model, the amino-acid sidechains (labeled as -R
in his model) were not counted due to their vague definition.
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CHAPTER 3

DIFFERENT 13C SOLID-STATE NMR TECHNIQUES AND THE
QUANTITATIVE CHARACTERIZATION OF HUMIC ACIDS*

Introduction
Structural information is critical in understanding the reactivity of HAs with
organic and inorganic contaminants (Cameron and Sohn, 1992; Hayes, 1997; Xing et al.,
1994,; Xing, 1997; Xing and Pignatello, 1997; Xing and Chen, 1999). However, complex
HA structures pose many analytical difficulties for their elucidation. Classical methods
are based on elemental compositions (Orlov, 1985). Elemental analysis data only show
the average of molecular agglomeration, not a detailed HA structure. Chemical
degradation techniques have given valuable information on the possible chemical
constituents and building blocks of HAs (Stevenson, 1994), but the cleaved components
may be very different from the molecules that actually compose HAs. Recently, many
spectroscopic methods such as infrared, electron spin resonance, Raman, fluorescene and
NMR have been used to investigate HA compositions and structures (Simpson et ah,
1997). Nuclear magnetic resonance spectroscopy (NMR) has proven to be one of the
most powerful tools (Nanny et ah, 1997; Preston, 1996).
Solid-state 13C direct polarization/magic angle spinning (DP/MAS) has been used
for studying organic molecules for two decades. Nevertheless, this technique has not
been widely applied because in order to obtain a quantitative spectrum the recycle delay
n

i

between scans must be five times longer than the longest T\ ( C spin-lattice relaxation

* A version of this Chapter was submitted to Soil Sci. Soc. Am. J.
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time) in a sample. In many organic solids, the longest TiC,s range from 5 seconds to
over 10,000 seconds. Therefore, forbiddingly long recycle delays have to be used to
obtain quantitative spectra. We have found crystalline aliphatic long -(CH2)n- in HAs
(Hu et al., 2000) and the longest Tj ’s could be of the order of tens of seconds or even
much longer (Kinchesh et al., 1995a). Thus, considering instrument time it is

not

practical to use only DP/MAS to analyze HAs with long TiC,s.
The most popular 13C solid-state NMR technique in studying HA structures is
cross polarization/magic angle spinning (CP/MAS) (Wilson, 1987). The transfer of
i

m

9

.IT

abundant H spin to dilute spin

C by cross-polarization (CP) results in substantial

sensitivity improvement (Stejskal et al., 1977). However, there are several effects which
can lead to non-quantitative CP spectra (Friind and Liidemann, 1989; Kinchesh et al.,
1995; Preston, 1996; Wershaw and Mikita, 1987; Wilson, 1987). The first one is the
reduced CP efficiency for unprotonated carbons, mobile components, or regions having
short Tjph (proton rotating-frame spin-lattice relaxation time). The second is spinning
sidebands. Spinning sidebands reduce the intensity of the centerband, resulting in the
loss of intensity and distortion of peak areas. The third is the baseline distortion due to a
deadtime associated with each pulse.
The total sideband suppression (TOSS) pulse sequence was developed to remove
spinning sidebands before detection (Dixon, 1982; Dixon et al., 1982). However, at low
spinning speeds, even under the most ideal conditions, CP/TOSS spectra are not
quantitative because the intensity of the suppressed sidebands is not fully added to the
centerband. Aromatic and carbonyl groups are underestimated because their sidebands
are big due to their large chemical-shift anisotropy (Axelson, 1985; Schmidt-Rohr and
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Spiess, 1994). Furthermore, transverse 13C T2C relaxation (spin-spin relaxation) occurs
during the implementation of TOSS, which can lead to a differential decrease in signal
intensities (Kinchesh et al., 1995b).
High-speed MAS can reduce the sidebands but it also interferes with the CP
efficiency (Stejskal et ah, 1977). Thus, CP/MAS experiments are often run at a spinning
speed below 5 kHz. However, at this speed, significant sidebands can occur. In order to
overcome this dilemma, ramp-CP/MAS was developed to establish and maintain an
efficient Hartmann-Hahn matching condition at a relatively high MAS speed (Metz et
ah, 1994, 1996; Peersen et ah, 1993). Ramp-CP/MAS was recently applied in studying
HSs (Cook et ah, 1997; Cook and Langford, 1998). The applicability of this technique
still requires further investigations because the relatively long contact time used may
render some carbon species with short Tjph in HSs invisible.
DP/MAS combined with Ti

correction obtained from CP/Tj-TOSS spectra was

first used to quantify polymer crystallinity (Hu and Schmidt-Rohr, 2000). We applied this
technique to the quantitative characterization of HAs (Mao et ah, 2000). In this
technique, direct polarization is employed and the reduced CP efficiency problem can be
avoided. By employing high spinning, sidebands are reduced to an insignificant
proportion. If HAs have long TiC,s, CP/Tj-TOSS spectra are used to correct for
incomplete relaxation. The objective of this study is to assess the above five solid-state
13C NMR techniques and to evaluate their limitations and advantages. Golchin et ah
(1997a, b) compared the DP/MAS and CP/MAS spectra of a HF-treated whole soil and
three density fractions and concluded that the proportions of aromatic and carbonyl
carbons were lower and those of alkyl and O-alkyl were higher in CP/MAS. The previous
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studies do not include ramp-CP/MAS and CP/TOSS. To our knowledge, our study is
more comprehensive using five NMR techniques and nine HAs of various origins and
1 “5

locations. We hope that this paper will provide a better understanding of solid-state

C

NMR techniques and their application in characterizing HSs and other amorphous
organic materials.

Materials and Methods
Origins and Preparation of HAs
Six soil HAs (from Germany, Amherst, New Hampshire, New York, Florida, and
Minnesota) and three commercial HAs [Aldrich (Aldrich Chemical Company), IHSS
(International Humic Substances Society) and ARC (ARCTECH, Inc.)] were used. Their
origins, locations and elemental compositions (Mao et al., 2000) as well as the details of
extraction and purification (Stevenson, 1994) were described elsewhere. Aldrich HA was
re-extracted and purified in our laboratory before use.

NMR Spectroscopy
For DP/MAS, a HA sample was packed in a 4-mm-diameter zirconia rotor with a
Kel-F cap. Samples were run at a I3C frequency of 75 MHz in a Bruker DSX-300
spectrometer at a high spinning speed of 13 kHz. The lH 90° and ,3C 180° pulse lengths
were 3 ps and 6 ps, respectively. In the Hahn spin echo, either a short period of 10 ps or
one rotation period (77 ps) was employed as the pre-echo delay to avoid baseline
distortions. The exact timing of the start of detection for undistorted spectra was
determined on a 13C-labeled model compound (a mixture of 13C-labeled amino acids)
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with signals az both ends of 1jC chemical-shift range. This model compound was also
nsec to determine optimum NMR parameters such as H and L C 90° pulse length. The
number of scans varied mom 8192 to 32~68. depending on individual samples.
For conventional CPM\S. the spectra obtained at a 13C frequency of 75 MHz
were run in a Bmiier M5L-300 spectrometer at a spinning speed of 5 kHz. Samples were
paci^c in a "-mm-diameter zirconia rotor with a Kel-F cap. The !H 90° pulse length was
- 1 us and the "C 1805 pulse iength was 6.4 ps. The contact time was 1 ms. A Hahn echo
v as employ ed before detection in order to remove baseline distortion. The recycle delay

was 1 s with -996 or 8192 scans. The CP/MAS 53C spectrum of Minnesota HA at a l3C
frequency of 22.6 MHz was run at a spinning speed of 4 kHz with a contact time of 1 ms
and 10000 scans. The CP/MAS ,3C spectrum of IHSS HA at a l3C frequency of 50.3
MHz was run with a contact time of 0.75 ms, 29000 scans, and a spinning speed of 5
kHz.
For CP/TOSS, samples were packed in a 7-mm-diameter zirconia rotor with a
Kel-F cap and run at 75 MHz in a Bruker MSL-300 spectrometer at a spinning speed of
4.5 kHz. The H 90'" pulse length was 3.4 ps and the 15C 180° pulse length was 6.4 ps.
The contact time was 800 ps. Ihe recycle delay was 1 s with 4096 scans.
Ramp-CP/MAS spectra were obtained on a Bruker DSX-300 spectrometer.
Samples were packed in a 4-mm-diametcr zirconia rotor with a Kel-f cap. Ihe ramp
covering 50-100% of the nominal Hartmann-Hahn match was applied to the carbon
channel. Ihe contact time was 2.5 ms and the recycle delay 1 s. The spinning speed was 8
kHz, with 8000 to 20000 scans.
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CP/Tj-TOSS is a pulse sequence modified from CP/TOSS. After the contact time
and before the 7t-pulse train, a +z/-z filter was applied so that the signal decays from full
intensity to zero as a result of TjC relaxation. This experiment not only estimated l3C T|
but also yielded the Tj corrections for the various peaks in the incompletely-relaxed
DP/MAS spectra, using two spectra at different filter times. One filter time was 0.5 ms
and the other was equal to the recycle delay employed in DP/MAS (Mao et al., 2000).
Samples were packed in a 7-mm-diameter zirconia rotor with a Kel-F cap and run at 4.5
kHz and a 13C frequency of 75 MHz in a Bruker MSL-300 spectrometer at a spinning
speed of 4.5 kHz. The ]H 90° pulse length was 3.4 ps and the l3C 180° pulse length 6.4
ps. The contact time was 800 ps. The recycle delay was 1 s and 4096 scans were
averaged.

DP/MAS combined with CP/Tj-TOSS correction

In this combined technique (Mao et al., 2000), first of all, CP/Tj-TOSS was used
to estimate

C Tj relaxation times of a HA sample. If the longest

C Tj of the sample as

measured in the CP/Tj-TOSS was less than 2 s, a recycle delay was chosen as 5 ]iC Tj,
•

which yields a completely relaxed DP/MAS spectrum. Otherwise, a

1 'l

C Tj filter time

which makes the intensity in the CP/Tj-TOSS spectrum relax to less than half of that at
0.5 ms was chosen. This selected filter time was used as the recycle delay in a DP/MAS
experiment. The DP/MAS spectrum was deconvoluted and corrected by CP/Tj-TOSS
spectra and sidebands. This technique was evaluated by comparing the elemental
compositions obtained from chemical analysis and with that from NMR calculation. The
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hsmis of rfccs eccnococir seehr cue and the evaluation method have been described
etseubere Mao ec aL_ 2 AV I

NMR Background
I>? \ .AS. CT MAS Kincihesh e: ad. l^Axa. 1996b: Steiskal. 1904; Schmidt-Rohr
sne St ess. A'— . ramp-C? MAS Cook et £.. I90~: Cook and Langford. 1*498; Metz, et
al_ l^u

ah. iw . CP TOSS Dixon. 1982: Dixon et al.. 1982) and

- c Mas csrree:ee m C? - -TOSS Mao e: ad. 2000; Hu and Schmidt-Rohr. 2000) have
ea ;t Jetad elsewhere and will no; be dealt with thoroughly here. But we will
nere aabress the Haim echo before detection which can be used to minimize baseline
we not tea baseline distortions in several published spectra.

riant Echoes under MaS
Vatinas published

C ALAS spectra of HSs appear to have severely distorted

baseimes. winch invariably entail significant distortions of the spectrum itself; in
name-bat. broad spectrai features are reduced in intensity. These artifacts are usually due
t: the neat time at the start of signal detection, which arises from finite pulse ring-down
and niter receiver response limes. It is w ell known that a Hahn spin echo (Hahn. 1950)
before deteeron. with pulse sequence x — 180°-pulse — x as shown in Figure 3.1, can
mmimize such baseline distortions. At the end of the second x period, all isochromats are
refocused along their common direction as at the very start of the precession, forming an
echo. This is possible because the isochromats that have precessed by the largest angle
during the first x period will also return the fastest.
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However, under MAS, the choice of x is restricted. A 180° pulse near the middle
of the rotation period dephases the magnetization instead of refocusing it (Kolbert et al.,
1989). An ideal echo requires that x is a rotation period (or a multiple thereof). However,
a problem arises if the time 2x = 2tr before detection is so long that significant T2
relaxation occurs. Fortunately, in the case of fast spinning, the rotation period tr, which is
the inverse of the rotation rate, is short enough that T2 relaxation during 2x = 2tr is
negligible. We have tested that the T2c,s of solid HA samples are usually on the order of
a millisecond or more, permitting echo periods of 2x = 150 ps or longer to be used
without spectral distortions.
Alternatively, the echo time 2x can be chosen very short. Then, the difference in the
magnitude of the precession angle (phase) covered by a given isochromat in either of the
two x periods will be small. At low spinning speeds, a quasi-static approximation can be
used, where it is considered that the rotor, and thus the segments and interaction tensors,
change their orientation insignificantly during 2x.

This is the approach taken in the

CP/MAS experiments described below. In the case of fast spinning, the 2x periods must
be very short (< 20 ps).

Then, it can be argued that the precession phases remain

proportionally small and the MAS effects are of second order. In practice, spectra with
2x < 20 ps and with 2x =150 ps were found to be indistinguishable.
The optimum phase for the 180° pulse is different for the two approaches described.
In the short-2x case, the pulse phase should be along the direction of the initial
magnetization; this minimizes errors due to deviations from the exact 180°-pulse length.
Consider that in the case of the pulse being applied along the magnetization, the pulse
length does not matter at all. On the other hand, for 2x = 2tr, the EXORCYCLE approach
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(Bodenhausen et al., 1977) should be used where the pulse phase is rotated through all
quadrature directions (x, y, -x, -y) with respect to the magnetization direction.
The exact timing of the start of detection should be determined using a sample with
very good sensitivity, such as a l3C-labeled model compound, that exhibits sharp peaks
over the full spectral range (~ 30 - 180 ppm). For the 13-kHz DP/MAS spectra, timings
that are off by as little as 2 ps can result in significant spectral distortions.

Once the

timings are set on the model compound, spectra of HAs with excellent baselines arcobtained using only constant phase correction (without linear/first-order correction).

Results and Discussion
DP/MAS and Corrected DP/MAS

The elemental compositions calculated from both corrected DP/MAS and
DP/MAS spectra were consistent with those from an elemental analyzer (Mao et al.,
2000). These results indicated that like DP/MAS, corrected DP/MAS is also a reliable
technique for quantitative characterization of HAs.
The advantage of DP/MAS is that this technique uses direct polarization and the
problems associated with CP are avoided. Furthermore, DP/MAS permits high spinning
speed so that the sidebands are placed outside the region of the centerbands. Thus, we can
easily integrate sidebands and add them to the centerbands. in our case, at a spinning
speed of 13 kHz the total sidebands of the aromatic group are reduced to less than 8% of
the centerband. In addition, with the introduction of a rotation-synchronized Hahn echo,
the baseline distortion can be essentially eliminated.
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However, without CP the sensitivity of the DP experiments is greatly reduced.
Therefore, many more scans are needed to obtain a spectrum with good signal-to-noise
ratio. In our experiments, it took just 4096 to 8192 scans for CP and 8192 to over 30000
scans for DP to obtain good spectra. Furthermore, for a quantitative DP/MAS spectrum,
the relaxation delay should be five times longer than the longest TiC in a sample. The
t!Cs in HA samples vary widely.

The experimental estimation of ,3C TiC relaxation

times showed that ARC, IHSS, Florida, and New York HAs have short relaxation times
(< 3 s), Amherst, Aldrich, Minnesota and New Hampshire HAs exhibit intermediate
relaxation times (3 - 5 s); and German HA shows a very long 13C TiC (~ 15 s). It is
possible to obtain a quantitative spectrum for those HAs with short TiC,s using DP/MAS
alone. For HAs with intermediate and very long T]C,s, it is extremely time-consuming to
obtain a quantitative DP/MAS spectrum and the CP/Ti-TOSS correction needs to be
employed.
With introduction of CP/Tj-TOSS for correction, we do not need to set the recycle
delay to

five times the longest TiC to obtain a quantitative spectrum in a sample.

However, in this correction technique, unreliable results due to large correction errors can
occur if the second CP/Ti-TOSS filter time was not set long enough to allow the
magnetization to relax less than half of the original value. (Mao et al., 2000).

Comparison between Different Methods

The assignment of HA functional groups based on different chemical shift ranges
is as follows (Mao et al., 2000; Steveson, 1994): 0-50 ppm, aliphatic groups; 50-60 ppm,
methoxy groups and CaH in amino acids; 60-96 ppm, carbohydrate groups; 96-108 ppm.
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anomeric groups; 108-145 ppm, aromatic groups; 145-162, aromatic C-0 groups; 162190 ppm, carboxylic groups; 190-220 ppm, carbonyl groups. Integration was performed
according to these ranges for the spectra obtained from different NMR techniques as
shown in the case of IHSS and Minnesota HAs (Figure 3.2). T\-corrections were applied
for HAs with incompletely-relaxed DP/MAS spectra. Below, the results of DP/MAS or
corrected DP/MAS (both referred to as DP/MAS later for convenience) will be used as
the standards for comparison because both techniques generate quantitative results when
compared to elemental analysis (Mao et al., 2000). Furthermore, if CP/MAS resonance
frequencies are not specified, they are 75 MHz for

13

C.

As compared with DP/MAS, ramp-CP/MAS displayed higher percentages for
carbons between 0-108 ppm and low percentages between 108-220 ppm. CP/TOSS also
had higher signal within 0-108 ppm and lower percentages of functional groups within
108-220 ppm. CP/MAS gave higher percentages for carbons between 0-108 ppm and
190-220 ppm, and lower percentages between 108-190 ppm. The signal between 0 and 96
ppm is from sp -C and between 108 and 220 ppm is due to the sp -C. The signal in the
range of 96-108 ppm can be from both sp -C and sp -C.
Compared to CP/MAS, ramp-CP/MAS and CP/TOSS have lower intensity within
the ranges of 0-108 ppm and 190-220 ppm, and a higher signal within the range of 108190 ppm.

These percentages are closer to the integration results of DP/MAS than

CP/MAS. There is not a clear trend for the comparison of ramp-CP/MAS with CP/TOSS
for the HAs tested and some integration regions are better for ramp-CP/MAS and others
for CP/TOSS.
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IHSS HA CP/MAS at the 13C frequency of 50.3 MHz has better integration results
than CP/MAS at the 13C field of 75 MHz but not better than CP/TOSS or ramp-CP/MAS.
The integration result of CP/MAS at the 13C frequency of 22.6 MHz was the closest one
to its DP/MAS, better than ramp-CP/MAS, CP/TOSS and CP/MAS at the 13C frequency
of 75 MHz.
The spectra of DP/MAS, ramp-CP/MAS, CP/TOSS, and CP/MAS of all the HAs
(Figure 3.3, 3.4 and 3.5) and low field CP/MAS of IHSS and Minnesota HAs are shown
in Figure 3.5. DP/MAS, ramp-CP/MAS, and CP/TOSS display quantitatively very similar
spectral patterns for all HAs, with an almost identical number of peaks for a given HA
(Figure 3.3, 3.4 and 3.5). However, the CP/MAS spectra exhibit more peaks than rampCP/MAS, CP/TOSS or DP/MAS because of spinning sidebands. In general, CP
experiments have sharper peaks than DP because CP requires dipolar coupling between
the proton and carbon nuclei and thus favors the detection of rigid regions, whereas DP
can detect all kinds of carbons if a sufficient recycle delay time is allowed. The major
advantage of CP is the better S/N.
The IHSS HA CP/MAS spectrum at the l3C frequency of 50.3 MHz displays
much larger sp -C and incorrectly lower carboxylic and phenolic carbons than its
DP/MAS spectrum as well as distinct sidebands (Figure 3.5). It is just slightly better than
its CP/MAS spectrum at the 13C frequency of 75 MHz but worse than CP/TOSS and
ramp-CP/MAS. The low magnetic field (50.3 MHz) leads to broader lines and lower
resolution than the higher field (75 MHz). The Minnesota HA CP/MAS spectrum at the
13

C field of 22.6 MHz displays a pattern quite similar to its DP/MAS spectrum. However,

it also has broader lines and lower resolution.
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Standard CP/MAS.

The most frequently-used solid-state 1JC technique for HA is

CP/MAS because the CP enhancement by means of the abundant ]H spins (Pines et al.,
1973) can provide up to four times the signal obtained by DP/MAS. Furthermore, in the
CP/MAS experiments the recycle delay between scans is determined by the longest TjH
of the sample, not the longest TjC as for DP/MAS. Generally, TjH is shorter than T|C in
a given sample. Therefore, in a given amount of time, many more CP/MAS experiments
can be carried out. A drawback of CP/MAS is that the CP enhancement varies from one
carbon to another and even for the same species could vary between HA samples. That is,
the CP efficiency is different for different carbon species. The other drawback for
CP/MAS is the spinning sidebands (Figure 3.3, 3.4 and 3.5). CP/MAS overestimated the
•j

#

^

sp -C contents and underestimated the sp -C except for the carbonyl-C (Figure 3.2). The
*7

#

#

sp carbons have a larger chemical shift anisotropy and therefore larger sidebands than
sp carbons. As a result, the centerband area of sp -C is reduced more than that of sp -C.
At spinning rates below 11 kFLz, some of the sidebands of aromatic carbons occur in the
sp -C region, increasing the relative sp -C percentage. This is the other important reason
why CP/MAS overestimates spJ-C. The high percentage of carbonyl-C integrated from
CP/MAS is actually a combination of carbonyl-C and the sidebands of aromatic-C. The
reasons for nonquantitation of CP/MAS has been discussed in detail elsewhere (Friind
and Ludemann, 1989; Kinchesh et al., 1995; Schmidt-Rohr and Spiess, 1994; Preston,
1996; Wershaw and Mikita, 1987; Wilson, 1987).
A simple way to avoid the sidebands in CP is to run samples at low field NMR
(Bo < 2.35 T). The CP/MAS spectrum at a 13C frequency of 50.3 MHz is better than
CP/MAS at 75 MHz but worse than CP/TOSS or ramp-CP/MAS, and its integration
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result is inconsistent with the results of the other techniques. The integration results of
CP/MAS at the 13C frequency of 22.6 MHz are better than those of ramp-CP/MAS,
CP/TOSS and CP/MAS at the 13C frequency of 75 MHz, quite close to DP/MAS.
However, although its shape is generally similar to DP/MAS spectrum, the low magnetic
field led to low resolution. In general, low magnetic fields result in low sensitivity, low
resolution, more scans and long machine time (Kinchesh et al., 1995a). Considering the
modern trend of high field NMR employed in NMR laboratories today, it is actually
difficult to have access to low magnetic field NMR instruments. Furthermore, the major
parts of the CP efficiency problems still exist at low fields.
TOSS Spectra.

TOSS was developed to eliminate sidebands in CP spectra at low

spinning rates or high fields in solid state NMR. There are two advantages for TOSS over
simple CP/MAS. The first is that a good TOSS can eliminate all the sidebands, so that the
spectrum shows only the true peaks for a HA sample. The second is that the
implementation of CP/TOSS can avoid baseline distortion arising from the deadtime.
However, because of their larger chemical shift anisotropy, sp2 carbon signal is less
completely refocused than sp3-C during the TOSS

sequence.

Thus,

CP/TOSS

underestimated sp -C as compared to DP/MAS. On the other hand, because protonated
carbons relax more quickly than unprotonated carbons as shown in the CP/Ti-TOSS, the
T2

relaxation during the TOSS sequence with its duration of two rotation periods or

more tends to decrease the signal of protonated aliphatic carbons more strongly.
The comparison of CP/TOSS or CP/MAS with DP/MAS (Figure 3.3, 3.4 and 3.5)
shows that CP/TOSS was consistently better than CP/MAS for both quantitative and
qualitative characterization/analysis. Spinning sidebands of CP/MAS distort the pattern
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and area of NMR spectra, particularly in the sp region and it was almost impossible to
analyse, even qualitatively in a HA sample from a 5-kHz CP/M AS spectra at 300 MHz
(Figure 3.2 and 3.3). Though the spectra obtained using CP/TOSS are not absolutely
quantitative, comparisons of different CP/TOSS spectra for samples from similar sources
can be made assuming the same CP efficiencies for the similar samples. It is strongly
recommended that CP/TOSS be used instead of CP/MAS for a > 200 MHz spectrometer.

Ramp-CP/MAS.

Ramp-CP/MAS was developed in an attempt to solve the CP efficiency

problem in the conventional CP/MAS technique at a high spinning speed. In the
conventional CP/MAS experiments, proton and carbon field strengths are adjusted to
meet the Hartmann-Hahn (HH) condition. At a low spinning speed, matching profiles
centered around the HH condition are broad. However, if the spinning speed increases,
the HH matching profiles split into a series of narrow matching bands separated by the
rotor frequency. Compared to the matching sidebands, the CP rate at the matching
centerband, corresponding to the exact HH condition, is slower. To establish and
maintain an efficient matching condition under high-speed MAS, Metz et al. (1994,
1996) introduced an amplitude ramp on either of the radiofrequency channels during the
contact time. It substantially improved the performance of the CP experiments at high
spinning speeds and long contact times. It was found that compared with conventional
CP, a linear ramp of amplitudes centered at a sideband and covering its entire width
greatly increased the signal intensity at long contact times. Furthermore, the broadened
matching profile permitted deviation from an exact Hartmann-Hahn matching condition.
Cook et al. (1997, 1998) applied this technique in the study of a FA and a HA and
reported improved results over CP/MAS for the HSs used.
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However, it should be noted that the transfer rate in the ramped CP is smaller than
in regular CP at lower spinning speeds. The reason is that the matching condition is
fulfilled only during part of the contact time. There is no problem for model substances
H

with long Tjp relaxation times. However, for HAs the short Tjp

relaxation times of

the order of a few milliseconds result in significant and often differential signal loss
during long ramped CP periods. It may even render some carbon species with short TipH
relaxation times invisible (Metz et al., 1996).
These effects make ramped CP non-quantitative and Cook et al. (1996) had to
determine the appropriate contact time empirically for each sample, using the solution
13C NMR spectrum of the same HA as a “standard”. The acquisition of their solution
NMR spectrum took about 2-4 days (Cook et al., 1996). Furthermore, several rampCP/MAS spectra need to be run to obtain the “right” contact time (Cook et al., 1996).
The contact time of the ramp-CP/MAS spectrum which was most similar to the
“standard” solution NMR spectrum was chosen as the “right” contact time. Hence, the
contact time determination procedure is time-consuming and quite arbitrary. Moreover,
solution

13

C NMR spectra of HA samples cannot be assured as quantitative spectra.

Solution-state NMR has the following limitations for characterizing HSs: 1) samples may
not be completely dissolved, 2) solvents can modify HSs structurally, and 3) humin
cannot be dissolved at all in an aqueous phase. Thus, if the determination of the contact
time for a ramp CP experiment is based on solution NMR spectra, the ramp CP spectra
can be only as good as those from solution NMR. As pointed out previously, the results
from this study show the inconsistency of the ramp technique (at a contact time = 2.5 ms)
as compared to DP/M AS. Actually, our study has shown that ramp-CP/MAS at a
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spinning speed of 8 kHz was not significantly better than CP I'OSS at 4 s Ml; 1 \en
though the ramp-CP MAS is better than CP TOSS, the major reason tor tins difiWvuvv is
the spinning speed. In our view, optimized CP and ramped CP will be similar at the same
spinning speed. The advantage of fast spinning is smaller sidebands and the disadvantage
reduced sensitivity because a smaller rotor (4 mm) and thus smaller sample amount hav e
to be used to obtain a high spinning speed.
Correction factors.

Based on the data obtained here, correction factors tor ramp

CP ALAS. CPfTOSS and CP/MAS were calculated so that they will provide a match with
the quantitative DP/MAS (Table 3.1). For ramp-CP/MAS, CP TOSS, and CP. MAS. the
correction factors for the regions of 0-108 ppm are smaller than 1 and for 108-220 ppm
larger than 1. except for the 190-220 ppm region of the CP/MAS spectrum. This indicates
that all the CP techniques underestimate the sp- region and overestimate the sp region,
except for the carbonyl region of CP/MAS which is overestimated due to the overlap with
sidebands of the aromatic carbons. By employing these correction factors, the deviation
of the CP techniques from quantitation can be corrected. For “difficult” samples (low
carbon%), CP/TOSS at the highest spinning speed possible for a large rotor (7 mm
diameter) should be used and the peak areas obtained should be multiplied with the
correction factors from Table 3.1 in order to obtain quantitative composition information.

Conclusions

Among the five solid-state NMR techniques compared in this study, DP/MAS and
corrected DP/MAS are quantitative. The corrected DP/MAS approach can be used for
HAs with even relatively long TiC,s. All the other techniques involving cross polarization

59

are not quantitative. Although providing high sensitivity, CP/M AS at 300 MHz was good
neither for quantitative nor for semiquantitive analyses of HAs due to sidebands and
differential CP efficiencies. In this situation, CP/TOSS is highly recommended instead of
CP/MAS because CP/TOSS at 300 MHz not only provides clear spectra but also displays
better semi-quantitative results than CP/MAS. Ramp-CP/MAS provides no significantly
better results than CP/TOSS. We suggest that for characterization of HAs, before the
application of any other NMR techniques, a simple CP/TOSS should be run to obtain
clear qualitative information, which can be made at least semi- quantitative based on the
Table 1 in this work. Low-field CP/MAS (13C frequency of 22.6 MHz) can provide better
integration results than CP experiments at high-field (13C frequency of 75 MHz) or 50.6
( C frequency) MHz but has lower sensitivity and loses some structural information.
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Table 3.1. Correction factors for ramp-CP/MAS, CP/TOSS and CP/MASf
162ppm
1901451089660-96
50-60 0-50
162
190
145
220
108
1
1
1
1
1
1
1
DP/MAS
1
1.22*
1.24
1.35
1.13
0.74
Ramp0.79
0.76
0.83
CP/MAS
±0.48§
±0.18
±0.11
±0.06
±0.53 ±0.15
±0.16 ±0.17
0.72
1.29
1.39
1.27
0.63
0.74
0.78
CP/TOSS
1.13
±0.12
±0.19
±0.40
±0.16
±0.53 ±0.13
±0.13 ±0.15
1.74
1.53
2.03
0.66
0.47
0.58
0.67
0.53
CP/MAS
±0.34
±0.13 ±0.15
±0.10
±0.19
±0.45 ±0.12
±0.25
^Correction factors = peak area from DP/MAS peak area from ramp/CP/MAS,
CP/TOSS or CP/MAS.
* Average of nine HAs.
Standard deviation.
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(a)

180°

±y

Figure 3.1. Pulse sequence for the Hahn echo, which permits dead-time free detection.
Conditions for the delay t under MAS are discussed in the text.
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162-190
108-145
60-96
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50-60
ppm
190-220
145-162
96-108
Figure 3.2. Integration results of different NMR techniques for IHSS and
Minnesota HAs. Low fields are 50.3 MHz (13C frequency) for
IHSS HA and 22.6 MHz (13C frequency) for Minnesota HA.
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Figure 3.3. Comparison between DP/MAS (13 kHz spinning speed),
ramp-CP/MAS (8 kHz spinning speed), CP/TOSS (4.5 kHz
spinning speed), and CP/MAS (13C frequency of 75 MHz and
5 kHz spinning speed) spectra of German, Amherst and New
Hampshire HAs.
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Figure 3.4. Comparison between DP/MAS (13 kHz spinning speed),
ramp-CP/MAS (8 kHz spinning speed), CP/TOSS (4.5 kHz
spinning speed), and CP/MAS (13C frequency of 75 MHz
and 5 kHz spinning speed) spectra of New York, Florida,
Aldrich, and ARC HAs.
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Figure 3.5. Comparison between 13C MAS spectra of CP/M AS at low
magnetic fields (13C frequency of 22.6 MHz and 4 kHz
spinning speed and 13C frequency of 50.3 MHz and 5 kHz
spinning speed), DP/MAS (13 kHz spinning speed ramp-CP/MAS
(8 kHz spinning speed), CP/TOSS (4.5 kHz spinning speed) and
CP/MAS (13C frequency of 75 MHz and 5 kHz spinning speed)
of IHSS and Minnesota HAs.
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CHAPTER 4
THE CHARACTERISTICS AND POSSIBLE ORIGINS OF CRYSTALLINE
DOMAINS IN SOIL ORGANIC MATTER

INTRODUCTION
SOM plays key roles in both agriculture and environmental protection
(Stevenson, 1994). In agriculture, it regulates many physical, chemical and biological
processes in soils. In environmental protection, it gets involved in the transportation and
concentration of mineral substances, acts as carriers of organic xenobiotics, and reduces
the toxicity of certain heavy metals. The sorptive capacities of soils for many organic and
inorganic contaminants are also affected by SOM (Davies et al., 1997; Xing et al., 1994;
Xing and Pignatello, 1996, 1998).
A understanding of SOM reactivity, property and functions is based on its
structural information which is poorly understood due to its complexity and
heterogeneity. Three approaches are most commonly employed for structural elucidation
of HSs: chemical degradation, thermal degradation and non-destructive spectroscopic
methods (Tegelaar et al., 1989a). Chemical and thermal degradation methods usually give
a biased view of the structures of HSs (Simpson et al., 1998). Non-destructive
spectroscopic analysis is a better choice and NMR is one of the most powerful
techniques.
Crystalline poly(methylene) has been found in HSs with the application of NMR
(Hu et al., 2000) in some of soil HSs. The 13C resonance at 32.8 ppm, assigned to
poly(methylene) in the all-trans conformation, reflects behavior in the ordered,
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crystalline regions whereas resonance near 30 ppm arises from poly (methylene) in the
less ordered, amorphous region with both trans and gauche conformation. The
crystallites in HSs are expected to be resistant to environmental attack, to be inert in the
soil, and to have long residence time (Hu et al., 2000). Their characteristics and origins
are important to the further understanding of their roles in nature. The objectives of this
paper were: (1) to determine the possible presence of crystalline poly (methylene) in
various SOM samples including FAs, HAs extracted from mineral soils and IHSS natural
organic matter (dissolved organic matter). (2) to investigate the effects of temperature,
aluminum and water on the crystalline poly (methylene) in SOM, and (3) to examine
possible origins of crystalline poly(methylene) in SOM.

Materials and Methods
Several samples were used: 1. an International Humic Substance Society (IHSS)
reference material, Florida Pahokee peat (Florida peat), 2. an IHSS standard natural
organic matter (IHSS NOM) (dissolved organic matter), 3. a humin extracted from
Florida peat (Florida humin), 4. two HAs extracted from mineral soils: one from
Amherst, MA (Amherst HA) and the other from Deerfield, MA ( Deerfield HA) plus
Amherst HA saturated with aluminium (Amherst Al-HA), 5. one FA extracted from a
Mollisols in England (England FA) and another FA from a mineral soil in Deerfield, MA
(Deerfield FA), and 6. three tree leaf samples (Douglas fir, Jack pine and Cottonwood).
The details of extraction of HAs and FAs were described elsewhere (Stevenson, 1994).
Tree leaves were picked up freshly, dried at 60 °C and ground for use.
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The NMR experiments were performed on a Bruker MSL-300 spectrometer, at a
'H frequency of 300.13 MHz and a l3C frequency of 75.47 MHz.

Three types of

experiments were conducted: 1. cross polarization magic angle spinning experiment
(CP/MAS), 2. variable temperature CP/MAS experiments, in this experiment, samples
were heated by a heater and controlled by a thermocoupler, and 3. direct polarization
magic angle spinning (DP/MAS). All the samples were detected with decoupling during
detection. The spinning speed was 4 kHz for both CP and DP. In the CP experiments, the
CP time was 0.8 ms and the recycle delay 1 s. In the DP experiments the recycle delays
were 2 s. The number of scans for the CP spectra was 4 000, for the DP spectra was over
30000.

Results and Discussion
Cry stalline PoMmethvlence) in SQM
Figure 4.1 shows the CP and DP 13C NMR spectra of Amherst HA, Amherst AlHA, Florida peat, Deerfield FA, and England FA. The peaks at 32.8 ppm and 31 ppm
wrere assigned to crystalline and amorphous -(CH2V, respectively. The DP spectra of
Amherst HA, Amherst Al-HA, and Florida peat have a crystalline signal at 32.8 ppm and
an amorphous peak at 31 ppm while only one obvious peak at 31 ppm was found in
Deerfield FA, indicating that there was none or very little crystalline -(CH2jn- in this
sample.
Although the amorphous and crystalline peaks have the same chemical structures
of -(CH2)„-, their chemical shifts are slightly different owing to their different
conformations: crystalline -(CH2)n- peaks with all-trans conformation and amorphous -
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(CH2)n- with both trans and gauche conformations. The y-gauche effect led to the
different chemical shifts for amorphous and crystalline -(CH2)n- peaks in NMR spectra
(Tonelli, 1989). Compared to the CP spectra of Amherst HA, Amherst Al-HA, and
Florida peat (Figure 4.1), the crystalline -(CH2)n- signal in the DP spectra was suppressed
while the amorphous -(CH2)n- signal was better represented. This is because the
crystalline -(CH2)n- chains have less mobility than the amorphous ones, which produces
two effects: The first is that the 13C Tj relaxation time in the crystalline regions are much
longer than in amorphous regions. Because the recycle delays in the DP experiments
were not long enough for the crystalline magnetization to relax fully, the crystalline
signals were underrepresented, while the amorphous signals were shown much better
because their

1T

C Tfs are much shorter than 5 s as a result of the chain mobility. The

second is that the CP efficiency in crystallites is much higher due to the lack of chain
mobility. Therefore, the amorphous peaks were suppressed and the crystalline signals
became predominant in the CP as compared with the DP spectra. The recycle delay we
used in the DP was 2 s. This recycle delay is much shorter than the

IT

C Tfs of the

crystalline -(CH2)n- carbons. Thus, the 32.9 ppm crystalline peaks were suppressed in DP.
Figure 4.2 indicates the CP spectra of Deerfield HA and IHSS NOM (dissolved
organic matter). We found crystalline poly(methylene) in Deerfield HA but very little or
none in IHSS NOM. The fraction of crystalline (CH2)n in HAs was found to be smaller
that that in humin (Hu et al., 2000). This was probably attributed to the fact that only a
small fraction of crystalline -(CH2)n- in SOM had polar end groups which made them
soluble in basic solutions. Our results in this study further confirmed this view.
Moreover, these crystallites in SOM are hydrophobic and not soluble in water. This may
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explain why there are very little or no crystallites in FAs and IHSS NOM (dissolved
organic matter).

The Characteristics of Polv(methylene) in SOM
Figure 4.3 shows the effect of water on poly(methylene) in Amherst HA and the
aluminum effect on poly(methylene) (Figure 4.1). Figure 4.4 displays the melting of
crystalline poly(methylene) in Florida humin with increasing high temperature.
The CP/MAS spectrum of Amherst HA is almost the same as the one saturated
with water (Figure 4.3).

The crystalline poly(methylene) in Amherst HA was not

affected by water. If, as speculated, there are very fewer polar end groups in the
crystalline

poly(methylene),

this

result

would

be

reasonable.

The

crystalline

poly(methylene) forms a relatively hydrophobic domain in SOM. High peak intensity of
crystalline poly(methylene) was found in Amherst Al-HA than in Amherst HA (Figure
4.1). Aluminum seemed to promote the crystallization of poly(methylene) in SOM. This
may be due to the fact that minerals can causes decreased mobility of poly(methelene)
(Lee et al., 1998). The result may imply that in the acidic condition with a lot of
aluminum ions in soil solution, there may be more crystalline poly(methylene) formation.
As the temperature rises, the crystalline peak in Florida humin becomes smaller
(Figure 4.4), showing that the crystalline poly(methylene) is melting. With temperature
increasing, the all trans poly(methelene) chains changes to the mixtures of trans and
gauche. The melting started around 60 °C and almost totally melted at 80 °C. The

average melting point is ca. 75 °C. Therefore, in a situation when soil temperature is
higher (for example, above 60 °C), the crystalline poly(methylene) will begin to melt and

74

part of it will become amorphous. The thickness of a polyethylene crystallite is dependent
on its melting point:
(1)

1/d ~ (Tm- Tm°)

Where Tm is the melting point, Tm° (ca. 145 °C) the melting point of infinitely thick
crystals (Wunderlich, 1980). For common high density polyethylene with a thickness of
20 nm, its melting point is ca. 135 °C. A crystallite thickness can be calculated from its
melting point (Hu et al., 2000). In our case, the crystallite size of Florida humin is found
to be ca. 3 nm based on its average melting point of 75 °C.

Possible Origins of Cry stalline Polv(methvlene) in SOM and Its Implication in
Humus Formation
Figure 4.5 shows the CP/MAS and DP/ MAS spectra of three tree leaves: Douglas
fir, Jack pine and Cottonwood. Douglas fir and Jack pine are evergreen and Cottonwood
is deciduous. Their DP spectra had a crystalline signal at 32.8 ppm and an amorphous
peak at 31 ppm. Compared to the CP spectra, the crystalline -(CH2)n- signals were
suppressed while the amorphous (CH2)n signals were better represented in the DP spectra.
Similar to SOM, there are also crystalline and amorphous poly(methylene) in tree leaves.
The melting behavior of Jack pine is almost the same as that of Florida humin (Figure 4.4
b). The melting of Jack pine also started at 60 °C and totally melted at 80 °C with an
average of 75 °C. Based on the previous discussion, the crystallite size would be about 3
nm.

The existence of crystalline and amorphous poly(methylene) in both tree leaves
and SOM suggests that part of these poly(methylene) in SOM probably originated from
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plant biopolymers. This is consistent with the speculation that aliphatic biopolymers such
as cutan or suberan in the protective layers of higher terrestrial plants and algal cell walls
are primary precursors of aliphatic groups in HSs. (McKinney et al., 1996; Tegelaar et
al., 1989a, b). The major constituents of plants includes polysaccharides, proteins, lignin,
(poly)phenols, lipids, hydrolyzable (cutin and suberin) and non-hydrolyzable (cutan and
suberan) aliphatic biopolymers (Nierop, 1999). Saccharides, proteins, and lipids are
easily decomposed and not considered an important source of SOM (Stevenson, 1994).
Polyphenols primarily consists of lignin, hydrolyzable tannins and condensed tannins
which play an important role in organic matter formation. There are primarily two kinds
of hydrolyzable aliphatic biopolymers: cutin and suberin. Cutin, present in the plant
cuticle, consists of co-hydroxy Ci6 and Cig fatty acids with epoxy and hydroxy mid-chain
functionalities (Kolattukudy, 1980; Kolattukudy and Espelie, 1985; de Leeuw and
Largeau, 1993). Suberin is composed of these monomeric units accompanied by co¬
hydroxy fatty acids, a, co- dicarboxylic acids, fatty acids and 1-alcohols with more than
20 carbons (Kolattukudy, 1980; Holloway, 1983). These long carbon chains in cutin and
suberin may account for the origin of the crystalline and amorphous poly(methylene) in
SOM. However, it was found that these hydrolyzable biopolymers had a low resistance
against degradation and thus low potential for preservation during the process of
diagenesis (Nip et al., 1986a; Tegelaar et al., 1991, 1993). Insoluble, non-hydrolyzable
aliphatic bioolymers (cutan and suberan) were found to be resistant against degradation.
Their composition is poorly understood. They produce homologous series of n-alkenes,
n-alk-l-enes and n-a, co-alkadienes upon pyrolysis (Nip et al., 1986a,b; Tegelaar et al.,
1995). From tetramethylammonium hydroxide thermochemolysis, they mainly had the
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products of a homologous series of fatty acids, methyl esters and methyl ethers and esters
of phenols (McKinney et ah, 1996). A tentative structure was proposed: a core with two
phloroglucinol units connected together, which, through ester bonds, are connected to
very long fatty acids (Mckinney et ah, 1996). Despite their low initial concentrations in
fresh plant tissues, the high preservation potential of such structures will lead to their
enrichment during diagenesis (Tegelaar, 1989b; de Leeuw and Largeau, 1993; SaizJimenez, 1996). The long poly(methylene) chains in cutan and suberan are probably
responsible for the crystalline poly(methylene) in SOM. It has been found that the (CH2)n- segments persist to a late stage in decomposition of soil and aquatic organic
matter (Baldock et ah, 1992; Hatcher et ah, 1983; Tegelaar et ah, 1989; Tegelaar, 1991)
and this is likely the mechanism of kerogen formation (Hatcher et ah, 1983). It is well
known that synthetic high density polyethylene is extremely difficult to degrade in the
natural environment.

All these facts suggest that the polyethylene-like component is

long-lasting in soil. We propose that this is at least partly due to the semi crystal line
nature of the poly(methylene) component. Crystalline domains in polymers are much
harder to biodegrade than their amorphous ones (Hu et ah, 2000). Therefore, we believe
that in addition to the chemical stability of the -(CH2)n- molecules, the highly compact
structure of the crystalline -(CH2)n- contributes to making the residence time of the (CH2)n- component longer than that of other components in HSs.
The same poly(methylene) found in SOM and tree leaves may partially explain
the pathway of humus formation. There are a few of proposed pathways of humus
formation which can be generally classified into two contrasting types: the biopolymer
degradation model and the abiotic condensation theory. The lignin-protein theory belongs
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to the biopolymer degradation model. In this theory, lignin acts as the core of HSs.
Hatcher and Spikefs (1988) modified degradation model and proposed that refractory
biopolymers are preserved selectively and form the basic elements of humus. They
thought that, in addition to lignin, other polymers such as aliphatic macromolecules also
participate in humus formation. They suggested that the most recalcitrant is humin which,
with increasing humification, evolves through the HA to the FA. The abiotiic
condensation model, including the polyphenol theory, proposed that plant polymers
decomposes into their corresponding monomers and then repolymerizes (mainly phenols
and quinones) into HSs (Hedges, 1988; Stevenson, 1994). The positive evidence of the
abiotic condensation theory is the fast polymerization of quinones under environmental
conditions (Hedges, 1988) while the negative is that small biomolecules can be degraded
by microbes quickly. The finding of the non-hydrolyzable aliphatic polymer in plants and
algal cells supports the biopolymer degradation theory strongly. In this study, the finding
of similar poly(methylene) in SOM and tree leaves suggests that resistant biopolymers
appear to be diagenetically and microbially resistant and selectively preserved with
hardly or no alteration (Nip et al., 1986a,b; Tegelaar, 1989b). This indicates a selective
preservation theory and not polymerization by condensation reactions. However, most
likely both processes occur simultaneously (Hatcher and Spiker, 1988). Our finding
obtained some evidence for Hatcher and Spiker’s modified degradation theory. Because
of the chemical regularity of the polyethylene-like component, further investigations to
isolate and thoroughly characterize it regarding chain length, end groups, and its reactions
may be more straightforward than for other components to understand pathway of
humification. Due to its chemical stability, the crystalline component remains unchanged
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over long times. Therefore, it eould serve as an “internal standard” of the evolution of
SOM. in short, the semierystalline polyethylene-like component could bring a new
perspective to the understanding of soil organic matter.

Conclusions
Crystalline polyfmethylene) was found in peats, soil humin and HAs but very few
or none in 1HSS NOM and FAs. Aluminum can help the crystallization of HA
poly(methylene) and water has no effect on the crystallization of poly(methylene). The
similar characteristics of crystallites in tree leaves and SOM suggests that resistant
biopolymers could be diagenetically and microbially resistant and selectively preserved.
This study shows that crystallites in SOM could be from poly(methylene) in higher
terrestrial plants.
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CHAPTER 5

NEW STRUCTURAL INFORMATION ON A HUMIC ACID FROM 'H-'3C
HETERONUCLEAR CORRELATION SOLID-STATE
NUCLEAR MAGNETIC RESONANCE

Introduction
Humic acids play important roles in many environmental processes (Stevenson,
1994; Xing et al., 1994, 1997). These cannot be understood without knowledge of the
chemical structures of HAs. Although various structural aspects have been inferred based
on classical chemical methods and modem spectroscopic techniques, it has not been
possible to identify HA structures clearly, and many conflicting models have been
proposed. This challenge has spurred the development of spectroscopic methods suitable
for analyzing the structures of whole HAs non-destructively in the solid state. One of the
most useful techniques to emerge so far is solid-state nuclear magnetic resonance (NMR)
(Preston, 1996).
One-dimensional (ID) solid-state 13C NMR techniques have provided some
structural information on HAs but the large number of chemical species and broad lines
in HA spectra make a detailed analysis difficult (Axelson, 1985; Kinchesh et al., 1995;
Preston, 1996; Wershaw and Mikita, 1987; Wilson, 1987). By the application of twodimensional (2D) NMR techniques, such problems of peak overlap can be reduced
(Schmidt-Rohr and Spiess, 1994). In 2D NMR spectra, complex peaks are separated into

*A version of this Chapter was submitted to Environ. Sci. Technol.
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simpler component signals based on a second frequency, and the chemical structure
corresponding to a given peak can be identified more uniquely.

Two-dimensional

correlation of 13C chemical shifts with lU chemical shifts, termed 2D heteronuclear I3C*H NMR (HETCOR), can achieve at least a partial separation of overlapping l3C signals
in terms of *H frequencies.

The HETCOR technique was first used to characterize

organic compounds in solution. Later, it was combined with !H homonuclear dipolar
decoupling and applied to study solid polymers and then coals (Bielecki et al., 1991;
Burum and Bielecki, 1991; Bronnimann et al., 1992; Wilson et al., 1993). In spite of its
potential for identifying various functional groups of HAs and their connectivities, which
is of great value for testing HA models (Preston, 1996), HETCOR NMR has rarely if
ever been applied successfully to HAs. Several factors make the application of the solidstate HETCOR experiment to HS challenging and may explain why it has not been
reported previously. The paramagnetic species that shorten the 'H T\ to less than 200 ms
might broaden the

spectrum unacceptably. In fact, the ID proton spectrum is nearly

featureless; this, however, is found to be due to the chemical complexity of humic
substances. Ideally, for HETCOR experiments the sample is confined to the center of a
small radio-frequency coil that permits strong and uniform radio-frequency pulses. This
cannot be achieved for HAs, where the use of a relatively large sample amount is
required to overcome the reduced sensitivity due to the large width of the overall

13

C

spectrum and of individual lines. In other words, low sensitivity and radio-frequency
power make HETCOR of HS more demanding than most previous demonstrations of *HIT

C correlations in other solids.

90

The HETCOR technique in solids provides some information that cannot be
obtained by HETCOR NMR in liquids, due to the different character of the ^C-'H
interaction in solution and solids (Schmidt-Rohr and Spiess, 1994). The heteronuclear J
coupling in liquids is a through-bond interaction, whereas the dipolar interaction in solids
•

1

1 -5

acts through space. This allows the H- C correlation between unprotonated carbons and
protons in solids, identifying the environment of those unprotonated groups; for instance,
it can be determined whether COO groups are attached to aliphatic or aromatic cores. By
i

i o

increasing the H- C cross-polarization time or spin diffusion period, the distance of
magnetization transfer can be extended. Combination with several spectral-editing
techniques such as

IT

C transverse relaxation (T2) filter or dipolar dephasing provides

further information on the structure of HAs.

Materials and Methods
Samples
A peat HA (Amherst HA) was used in the experiments. In our previous study of a
series of peat HAs from Europe and North America, Amherst HA was found to be fairly
typical.(Mao et al., 2000)

Its 13C T\ is quite long, indicating a relatively low level of
•

•13

paramagnetic species, but it is short enough to permit a quantitative

C NMR

characterization. The details of extraction and purification have been described elsewhere
(Stevenson, 1994). The elemental compositions of this peat HA is: %C, 52.9; %H, 4.49;
%N, 2.57; and %ash, <0.1. Reference experiments were performed on a model
compound, the glassy polymer bisphenol-A polycarbonate (PC) [-0-(C=0)-0-C6H4C(CH3)2-C6H4-]n •
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NMR measurements
The HETCOR pulse sequence employed in this study is shown in Figure 5.1. It
involves proton evolution under BR-24 multiple-pulse homonuclear dipolar decoupling
during the evolution time ti (Schmidt-Rohr and Spiess, 1994; Rosenberger et al., 1988)
and the TOSS sequence before L'C-detection during t2. As indicated in Figure 1, 45°x,
90°-y prepulses were applied to rotate the initial y-magnetization perpendicular to the
effective field, which for BR-24 points along the (1, 1, 1) direction. A corresponding pair
of pulses (90°y, 45°-x) rotates the cosine-modulated magnetization component back onto
the y-axis. This can also be viewed as a sandwich of pulses that rotates the effective field
onto the z-axis. A spinning speed of 3.7 kHz was used, since under BR-24 decoupling
faster spinning degrades the 'H resolution.
The sample was packed in a 4-mm-diameter zirconia rotor with a Kel-F cap and
measured at a ljC frequency of 75.48 MHz in a Bruker DSX-300 spectrometer.

The

proton 90° pulse length was 3.5 ps and carbon 180° pulse length was 7.2 ps. The small
window in the BR-24 sequence was 1.5 ps and the large window was 6.5 ps.
In the HETCOR experiments, the effective mixing time for spin diffusion is
calculated as the sum of the nominal mixing time, plus a quarter of the CP time. The CP
time has to be taken into account since the proton-proton dipolar coupling responsible for
spin diffusion is also partially active during CP. While the average homonuclear dipolar
Hamiltonian during the CP spin-lock is scaled by -0.5, it has recently been shown
experimentally that the spin diffusion under spin-lock is scaled by 1/4 (Ernst et al., 2000).
This can be explained by the effect of magic-angle spinning, which averages out the
zeroth-order dipolar Hamiltonian; the first-order Hamiltonian is scaled by 1/4 (Ernst et
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al., 2000). A series of 2D HETCOR experiments with dipolar dephasing and effective
spin diffusion times of 0.025, 0.25, and 10.25 ms was performed. In order to obtain an
estimate of the sizes of aliphatic and aromatic “domains”, a series of 2D HETCOR
spectra of polycarbonate was acquired with the same three effective mixing times.
Several ID experiments were carried out: 1. CP/TOSS at a spinning speed of 7
kHz ; 2. CP/TOSS with 40-ps dipolar dephasing; 3. CP/TOSS with a 10-ms 13C T2 filter
under *H decoupling;

4. fast CP/MAS at a spinning speed of 13 kHz. 'H 90° pulse

1 o

length: 2.9 ps,

C 180° pulse: 6 ps. The contact time was 1 ms, the recycle delay 1 s. 16

k scans were added. The pulse sequence and parameters of the dipolar dephased spectrum
were the same as those of CP/TOSS, except for 40 ps gated decoupling at the end of
TOSS and before detection. The dipolar dephasing difference spectrum was obtained
from the difference of CP/TOSS and CP/TOSS with dipolar dephasing spectra. For the
CP/TOSS experiment with

C T2 filter, two T2 filter delays of 5 ms duration each were

inserted into the TOSS. The spectrum of the shorty components was obtained as the
difference of CP/TOSS and CP/TOSS with T2 filter spectra. For fast CP/MAS, the
spectra were recorded on a Bruker MSL-300 spectrometer at a spinning speed of 13 kHz.
All the other ID experiments were run on a Bruker DSX-300 spectrometer. The contact
time was 1 ms, at the central Hartmann-Hahn condition. A Hahn echo was employed
before detection in order to remove baseline distortions.

Results and Discussion
Figure 5.2 (a) shows a CP/TOSS I3C NMR spectrum of Amherst HA, which gives
qualitative structural information (Mao et al., 2000). The corresponding spectrum after

93

dipolar dephasing, Figure 5.2 (b), only exhibits signals of nonprotonated carbons and
mobile segments, including rotating CH3 groups, which have a reduced C-H dipolar
coupling due to their fast motion. A dipolar dephasing difference spectrum can be
obtained by subtracting the dipolar-dephased spectrum from the full spectrum acquired
with the same pulse sequence but decoupling during the dipolar-dephasing delay. This
difference spectrum, Figure 5.2 (d), shows only the signal of the protonated carbons with
strong C-H dipolar couplings. A CP/MAS spectrum obtained at high spinning speed at
the Hartmann-Hahn condition suitable for the slow-spinning speed. Figure 5.2 (c), is
similar to the dipolar dephasing difference spectrum: under fast spinning speeds, the
unprotonated functional groups and mobile CH3 have low CP efficiencies and are
suppressed.
Figure 5.3 shows the 2D HETCOR spectrum of Amherst HA with 80 ps contact
time. Within a CP time of 80 ps, the magnetization is transferred only over a short-range
distance, corresponding to three or less bond lengths. On the left in Figure 5.3, the full
spectrum of Amherst HA is shown, with some line-broadening in the 13C dimension; on
the right; the 0-80 ppm range is displayed without line-broadening, in order to present the
relatively intense but closely spaced peaks in this region with good resolution.
Figure 5.4 displays 2D HETCOR spectra acquired after various spectral-editing
filters, which simplify the spectra and yield additional information about protonation or
mobility of the segments. Figure 5.4 (a) is the spectrum after short (0.1 ms) CP and 40 ps
dipolar dephasing. The dipolar dephasing selects the signal of unprotonated carbons and
mobile groups like CH3; with the short CP, only carbons with directly-bonded or adjacent
protons (two or three bonds away) are detected (effective mixing time 0.025 ms). Thus,
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the HETCOR experiment with 0.1-ms CP and 40-ps dipolar dephasing shows only the
signals of the unprctonated carbons or mobile groups like C1T„ and the corresponding
nearby protons.
Figure 5.4 (b) is the 2D HETCOR spectrum with 1-ms CP (effective spindiffusion mixing time 0.25 ms) with 40 ps of dipolar dephasing. With long CP and
dipolar dephasing, the spectrum shows the L'C signals of unprotonated carbons and
mobile groups, correlated with the frequencies of the surrounding protons. Figure 5.4 (c)
is the spectrum with 10-ms spin diffusion. 1-ms CP (effective spin-diffusion mixing time
of 10.25 ms), and 40 ps dipolar dephasing. With long spin diffusion, the magnetization
from more distant protons is transferred to a given 1 'C, and the proton signals have many
components. If large aliphatic and aromatic domains were present, the aliphatic carbons
would be correlated predominantly with aliphatic protons, and correspondingly for the
aromatics. An approximate calibration of the length scales involved is provided by the
three polycarbonate 2D HETCOR spectra shown in Figure 5.5, acquired with the same
effective mixing times as the corresponding parts of Figure 5.4. In addition. Figures 5.5
(d), (e), and (f) show7 slices at the right-most aromatic

IT

C resonance of the 2D HETCOR

spectra of Figures 5.5 (a), (b), and (c), respectively. The three slices show the
magnetization transfer from the aromatic “domain" to the aliphatic “domain".
Figure 5.6 (a) shows the ID spectrum after a 10-ms L,C T2 filter under 'H
decoupling. Figure 5.6 (b) displays the (unsealed) difference spectrum obtained by
subtracting Fig. 5.6 (a) from the corresponding unfiltered CP/TOSS spectrum. Figure 5.6
(c) shows the 2D HETCOR spectrum with the same 10-ms 13C T2 filter.
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Structural Information from ID and 2D Spectra
Combining the information of all the ID and 2D experiments, we now discuss the
information of the most important 13C peaks from right to left in the spectrum. The
following basic assignment of proton signals will be used: 0.8-3 ppm: aliphatic protons;
3-5.5 ppm: protons associated with oxygen-containing functional groups; and 6-8.5 ppm:
aromatic/amide protons.
CHi Groups.

The signal in the 0-24 ppm range is due to CH3 groups; this is

proven by the survival of the signal in the dipolar-dephased spectra, and by their 13C and
*H chemical shifts. There are indications of three overlapping CH3 peaks in the spectrum
of Figure 5.2 (b), at 18 ppm, 20 ppm, and 24 ppm. Methyl groups at the end of aliphatic
chains would appear at 15 ppm, while a methyl attached to an aryl ring resonates at

20

ppm (Wilson et al., 1983). In our sample, CH3 groups seem to be attached to aliphatic
carbons and O-alkyl groups but not to aromatic carbons: In Figure 5.4 (a), with short CP,
the cross peaks of the CH3 groups are restricted to proton chemical shifts of less than

6

ppm, which is within the range of aliphatic and O-alkyl protons.
(CH^n Groups.

Both crystalline and amorphous (CH2)n chains have been

discovered in HS our group (Hu et al., 2000). The amorphous peak is at 31 ppm and the
crystalline peak at 32.9 ppm in the 13C spectra.

In Figure 5.2 (a) of the CP/TOSS

spectrum, the corresponding two sharp peaks are observed near 30 ppm. In the ID dipolar
dephased spectra of Figure 5.2 (b), 5.4 (a), and 5.4 (b), there is a peak just to the left of
the CH3 peak, near 30 ppm. It is due to the amorphous (CH2)n chains which survive the
dipolar dephasing because of their high mobility. The *H chemical shift of this peak is
around 1.4 ppm.
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OCH3 Groups. The peak at 55 ppm of 13C and around 3.9 ppm of *H is due to

OCH3 groups This peak is prominent in all the dipolar-dephased spectra, due to the CH3
mobility and relatively large distance of the OCH3 carbon from other protons;
correspondingly, it is suppressed in the fast CP/MAS spectrum due to the high mobility
of the CH3. In Figure 5.4 (a) and (b), there are strong cross peaks between OCH3 carbons
and aromatic protons, showing that the OCH3 groups are connected directly with
aromatic rings near protonated aryl carbons, in a lignin-like structure: CaromH-Carom-0-

CH3. The ratio of the OCH3 peak area to that of the aromatic C-0 peak is 1:3 according
to the quantitative DP/MAS spectrum of Amherst HA (Mao et al., 2000). Thus, we
estimate that about 1 out of 3 phenolic groups is bonded to OCH3 groups.
Carbohydrate Groups. The main signals of this type in the 65-85 ppm range can

be assigned to -CH(OH)- or CH2-O-C groups. The signal near 60 ppm in Figure 5.2 (d)
and Figure 5.3 can be attributed to the CH20H-group in carbohydrates. It proves, together
with the anomeric O-CHR-O groups discussed in the following section, that these
aliphatic oxygenated structures are indeed predominantly carbohydrates. Nevertheless,
the peak positions of the carbohydrate signals show deviations from those recorded for
cellulose, as well as larger line widths; this suggests that these are the signals of
secondary polysaccharides. In all dipolar-dephased spectra, most of the carbohydrate
signals disappear due to their abundant protonation. The broad signal around 65-96 ppm
in the dipolar-dephased spectrum of Figure 5.2 (b) must be due to unprotonated OCRR’R" or mobile 0-CHn groups. For instance, it could be from resonance of highly
branched carbohydrates.
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Anomeric Groups.

Two kinds of anomeric groups are observed in our spectra:

protonated acetal, O-CHR-O, and unprotonated ketal, O-CRR’-O (Wilson et al., 1983).
Their signals are observed prominently in Figure 5.2 (b) and (d). The two spectra show
the protonated anomeric peak around 99 ppm and a signal of unprotonated carbons near
108 ppm. The 'H-13C 2D HETCOR spectra permit unambiguous identification of the
otherwise poorly resolved anomeric carbons based on the 4.5-ppm ’H chemical shift.
The short-CP spectrum in Figure 5.3 reveals a O-CHR-O signal centered near 99 ppm,
which is also recognized in the dipolar dephasing difference spectrum of Figure 5.2 (d).
The best evidence for the assignment of the unprotonated carbons in this region to
anomeric rather than aromatic structures comes from the dipolar-dephased spectra in
Figure 5.4 (a) and (b), which show signals of non-aromatic CHn-0-CRR'-0 groups near
108 ppm. These observations agree with the assignments proposed by Wilson et al.
(1983).
In aquatic HS (fulvic acids) Leenheer et al. (1987) found aromatic-ketone groups.
The aromatic-ketone may cyclize with the adjacent hydroxyl groups and form hemiketals
or lactols with carboxyl groups. According to this view, the residual signals from dipolar
dephasing spectra in the 100-110 ppm range are due to hemiketal, lactol and ketal
moieties. However, the protons near these groups would be predominantly aromatic. For
the unprotonated anomeric carbons, this is in agreement with the cross peak to aromatic
protons in Figure 5.4 (b). However, for the majority of the protonated anomeric carbons,
this is not the case according to the HETCOR spectrum of Figure 5.3.
Aromatic Groups. Protonated and unprotonated aromatic carbons not bonded to

oxygen, which appear in the 110 — 135 ppm range, can be separated cleanly from each
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other in the dipolar-dephasing spectra, as displayed in Figure 5.2 (b) and (d). Two main
types of protonated aromatics are observed, resonating near 117 ppm and in a broader
band near 127 ppm (Figure 5.2 (d)). The main peak of unprotonated aromatic carbons not
bonded to oxygen is observed around 131 ppm. The ratio of protonated aromatics to
unprotonated aromatics is 0.8. Signals of complex fused aromatic rings containing
heteroatoms, some of which would resonate near

100

ppm and be unprotonated, are not

observed significantly.
Aromatic C-O Groups.

The aromatic C-0 groups, resonating near 150 ppm, are

surprisingly well resolved in the 2D HETCOR experiments of Figure 5.3, 5.4 (a), and 5.4
(b). As expected, they are closely correlated with the aromatic protons. At slightly longer
distances, Figures 5.4 (a), 5.4 (b), and 5.5 (c) show strong cross peaks to the OCH3
protons, completely consistent with the lignin-like aromatic C-O-CH3 structure deduced
from the O-CH3 signal. This explains why, as noted by Stevenson (1994), phenolic OH
groups, as determined by wet-chemical methods, are somewhat lower than those
estimated by assuming that the aromatic C-0 peak is only due to phenolic sites. In the
long

C-T2 component, a relatively sharp peak near 150 ppm is observed, while the T2

13

difference spectrum has only a broad plateau in this region. The long-T2 component
accounts for 1/3 to 2/3 of the aromatic C-0 signal. This strongly suggests the presence of
lignin-derived structures with a relatively low concentration of paramagnetic centers (see
below).
COO Groups. The environment of the COO groups, which exhibit a strong peak

near 175 ppm, is characterized well by the 2D HETCOR experiment. Figure 5.3 and
Figure 5.4 (a) strongly suggest the unexpected conclusion that COO carbons are found
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predominantly near 0-CHn- protons. The OCHn may be due to C0-0-CHn ester linkages
but these have a three-bond C—H distance, which would not favor the rapid CP observed
in the experiments. In contrast, 0-CHn-C0-0- groups have a fixed and generally shorter
two-bond C—H distance, consistent with the structures derived by Leenheer et al. (1995)
for a FA. Based on the weak correlation between CHn and COO, C-CHn-COOH groups
are less common. According to Figure 5.3, some COO groups are also near aromatics,
and a smaller fraction near non-oxygenated aliphatics.

The ]H spectrum of the COO

groups extends beyond 15 ppm due to COOH protons participating in hydrogen bonding
(Harris et al., 1988).
Ketones / Quinones. In the ID CP/TOSS and dipolar dephasing spectra, there are

clear peaks for the carbonyl groups around 200 ppm (Figure 5.2 (a) and (b)). In the ID
dipolar dephasing difference spectrum (Figure 5.2 (c)), only a very small signal remains,
which barely exceeds the noise level. It is probably due to a small fraction of 0=CH endor sidegroups.

The majority of carbonyls are unprotonated ketones or quinones.

According to the HETCOR spectrum with long CP, Figure 5.4 (b), some of the carbons
near 108 ppm may be near OCHn protons, other close to aromatic protons.
Domain Sizes of Aromatic vs. Aliphatic Groups. In order to obtain a reference for

the determination of domain sizes of aromatic vs. aliphatic groups in the HA by spin
diffusion, a series of 2D HETCOR experiments were performed on a model compound,
the glassy polymer bisphenol-A polycarbonate (PC). Three different effective mixing
times, 0.025 ms, 0.25 ms, and 10.25 ms, were employed (Figure 5.5). An aliphatic
“domain” in polycarbonate consists of two methyl groups, and thus has a diameter of
about 4.5

A;

that of the aromatic rings is about 5
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A.

At the effective mixing time of

0.025 ms, the magnetization does not transfer much through the two domains and only
slight cross peaks detected; the aromatic proton slice clearly displays this (Figure 5.5 (d)).
After 0.25 ms of spin diffusion, the magnetization transfers significantly between the two
“domains”, and cross peaks are clearly visible. This is also seen in the aromatic proton
slice of Figure 5.5 (e), where the aromatic peak has decreased while the aliphatic peak
has grown. After tm)e = 10.25 ms, the *H magnetization is essentially equilibrated
throughout the structure. In the aromatic proton slice of Figure 5.5 (f), the aromatic peak
has decreased further and the aliphatic peak increased. Comparing this to the three
Amherst HA HETCOR spectra (Figure 5.4) with the same series of mixing times, we find
a similar pattern of magnetization transfer, showing that the aromatic vs. aliphatic domain
separation in Amherst HA is similarly small as in polycarbonate, i.e. 0.5 -1.5 nm.
Lignin-Like Domains Selected by

C T2 Relaxation.

Magnetization selection

1 T

based on

C T2 differences reveal surprisingly large spectral differences between the

short- and long-T2 components, Figure 5.6 (a) and (b).

Most prominently, the COO

groups have a short T2, while the aromatic CO peak at 150 ppm is hardly affected by
relaxation. The anomeric peaks, in particular the unprotonated component near 108 ppm,
mostly have a long T2. The protonated aromatic signal at 117 ppm appears to have a
short T2. The crystalline (CH2)n signal survives as a sharp peak at 33 ppm, which shows
that the short 13C-T2 of many of the other aliphatic signals is not due simply to
insufficient proton decoupling.

The sharper carbohydrate resonance, including the

distinct CH2OH peak, have a short T2, while an apparently broader CHn-0 component
1 o

remains. All methyl groups have a long

C-T2.
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The 13C T2 difference under !H decoupling is not predominantly due trivially to
the protonation of a given site; for instance, the unprotonated COO groups have a short
T2, and the (CH2)n segments have a long one. Possible origins of this faster relaxation are
a smaller distance from paramagnetics or segmental dynamics of intermediate amplitude.
In either case, the relaxation times of segments must be similar within a certain radius (>
1 nm), since the dipolar coupling to paramagnetics affects all nuclei within a certain
distance, and segmental dynamics in cross-linked systems require cooperative motions of
several segments.
The spectrum of the long-T2 component exhibits many features of lignin (Wilson,
1987): A distinct Carom-0 signal at 150 ppm, the OCH3 peak at 55 ppm, aromatic
resonance with a dip near 125 ppm, broad CHn-0 signals near 75 ppm, and some
featureless aliphatic signals. It may be interesting to note that this shows, in agreement
with results of the Zeisel method (Stevenson, 1994), that lignin-like components in soil
do not lose all OCH3 groups.
To what extent are these lignin-rich regions separated from the other structural
components ? As stated already, the most likely explanations for the 13C T2 differences,
paramagnetics and segmental dynamics, require minimum sizes of the heterogeneities of
at least 1 nm. On the other hand, as the mixing time is increased from 0.25 to 10.25 ms,
the OCH3-signal develops a cross-peak to aliphatic protons in Figure 5.4 (c), which is
also visible in Figure 5.6 (c). This indicates that the lignin-like rings are not widely (< 3
nm) phase-separated from aliphatic segments.
Spin diffusion in the 13C-T2 filtered HETCOR spectrum of Figure 5.6 (c) is not so
simple to interpret. Significant spin diffusion from the aromatic to the 2-4 ppm region is
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observed; this range does not match the carbohydrate proton chemical shift well,
suggesting that the spin diffusion may predominantly involve the OCH3 protons; in this
context it is important to note that typical lignin has as many OCH3 protons as aromatic
protons (Stevenson, 1994).
Comparison with HA Models

Various HA models have been proposed over the years. These models can be
tested based on our 2D HETCOR results. Table 5.1 lists

8

models and briefly describes

their main structural features. Seven structural units identified in our spectra and two
major features of our quantification obtained in Mao et al. (2000) are listed, and it is
indicated whether a given model contains these structures.
The best match is achieved by the FA model of Leenheer et al. (Averett, 1989).
In fact, all obvious shortcomings of Leenheer’s model would be eliminated by adding a
lignin component; this would be consistent with the lignin-rich regions identified in the
13C T2-filtered spectra.
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Table 5.1. Comparison of eight humic-acid models in the literature1 with the structural units determined experimentally in this study.
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Figure 5.1. HETCOR pulse sequence with BR-24 as the multipulse sequence.
The optional mixing time
for spin diffusion and the corresponding two
90° pulses for z-storage and later read-out of the *H magnetization are
shown dashed.
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(b) dipolar dephasing
(unprotonated/CH3/mobile)

(a) CP/TOSS

Figure 4.2. One-dimensional 13C NMR spectra of Amherst HA:
(a) Full CP/TOSS spectrum at 7 kHz spinning speed.
(b) CP/TOSS after 40-|is of dipolar dephasing, retaining
only the signal of 13C sites without strong iH-^C dipolar
couplings (unprotonated or mobile sites), (c) CP/MAS at 13
kHz spinning speed (at the Hartmann-Hahn match centerband,
which provides signal only of 13C sites with strong *H-13C
dipolar couplings), (d) Dipolar dephasing difference (spectrum
(a) minus spectrum (b)).
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COOH

0 PPm

Figure 5.3. HETCOR spectrum of Amherst HA at 80 (is CR
Left: Full spectrum with some 13C line broadening.
Right: Expansion of aliphatic region without line
broadening.
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Figure 5.6. Effect of 10-ms 13C T2 filtering under fH decoupling:
(a) T2-filtered spectrum (long-T2 components), showing distinct
lignin-rich regions (for details see text), (b) Spectrum of shorty
components (difference of reference and T2-filtered spectrum (a)),
(c) 2D HETCOR after the T2- filtering, with 10-ms mixing time
for spin diffusion.
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CHAPTER 6
THE SEGMENT MOBILITY OF HUMIC ACIDS

Introduction
Sorption of hydrophobic organic compounds (HOC) is a key process regulating
HOC fate, and bioavailability in soil. HS is the predominant sorbent for HOC. HS is not
homogeneous but rather may exist in a continuum of states, from relatively expanded,
flexible, and solvated - ‘rubbery’, using the polymer analogy- to relatively condensed,
rigid, and less solvated - ‘glassy’ (Xing and Pignatcllo, 1996a, b, 1997, 1998). It is
reasonable to expect that the nature of sorption process changes along this continuum.
Soil HS has been proposed as a dual-mode sorbent for HOC (Xing and Pignatello, 1996a,
b, 1997, 1998). Thus, the characterization of the relative mobility of different HS
components is of significant importance to the understanding of US

sorption

characteristics and remediation strategy of contaminated soils.

However, not much work has been done in this respect. Schaumann and Antelmann
(2000) found that there was a glass transition in a sample of a sandy forest soil using
Differential Scaning calorimetry (DSC) consistent with the dual-mode theory. Examining
forest soil organic matter by solid-state NMR, Kogel-Knabner et al. (1992) found that (CH2)r- signal around 30 ppm can be decomposed into more rigid and more mobile parts.
Cook and Langford (1998) characterized their HA and FA using solid-state 1 C ramp
CP/MAS. They concluded that in general, shorter l3C spin-spin relaxation time obtained
with 'll decoupling reflected reduced mobility. By measuring 1 C T2, they concluded that
their HA structure units appeared to be less mobile and larger dynamic units than the FA
because r‘C T2 for all functional groups are shorter. Based on the same 1 C T2 criteria for

114

mobility, they concluded that aliphatic moieties are the least mobile and probably form
the largest aggregates while the carbohydrate and aromatic moieties are more mobile and
form significantly smaller domains.
Molecular dynamics in synthetic polymers influences macroscopic properties of
materials such as brittleness and strength. Therefore, much work on mobility has been
conducted for synthetic polymers (Schmidt-Rohr, 1992). Several NMR techniques can be
used to evaluate relative mobility such as one-dimensional (ID) 'H spectral width, 2D
WIdeline SEparation (WISE), and relaxation times (Schmidt-Rohr and Spiess, 1994). The
ID ‘H spectral width indicates the strength of the dipolar coupling. Rigid materials
exhibit broad *H lines due to the static dipolar couplings, while molecular mobility
averages these couplings and thus reduces the linewidth. In the limit of extremely fast
isotropic motion, narrow lines appear as known from solution NMR. However, in
heterogeneous systems like soil HS, usually the dynamics of individual components
cannot be obtained from the ID proton spectrum. Particularly the immobilized ‘soft’
segments cannot be distinguished from the intrinsically rigid ‘hard’ segments (SchmidtRohr and Spiess, 1994). This problem can be overcome by 2D WISE via l3C isotropic
shifts (Schmidt-Rohr et al., 1992). One dimension indicates the chemical shifts and the
other shows the proton wideline width indicating mobility. Relaxation times such as spinlattuce relaxation time (Tj) and proton rotating-frame spin-lattice relaxation time (Tlp)
can also be used to indicate segment mobility in polymers.
The relaxation times are not appropriate for the study of HS mobility because
paramagnetic materials can greatly shorten relaxation times. It is difficult to know
whether the changes in relaxation times are due to paramagnetic centers or mobility
difference. Thus, the conclusion regarding HS mobility reached by Cook et al. (1998) is
questionable. Dipolar dephasing can distinguish protonated and non-protonated carbons
but it is not a good technique regarding mobility detection because protonated carbons or
rigid carbons dephase quickly and cannot be differentiated. There have been no
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systematic studies on the different domain mobility in HS by NMR. ID 'H and 2D WISE
provide good probes into the mobility of different components in polymers. 2D WISE is
especially useful for heterogeneous systems. The combination of the two methods in our
study may show the mobility of different components in HS. The mobility differences in
different components may lead to the variations in their reactivities and may be related to
HS diagenesis. The mobility study may also give insight into HS sorptive characteristics.
The objective of this study is to investigate the segment mobility of HAs using ID proton
and 2D WISE experiments.

Materials and Methods
The HAs used were: 1. a HA extracted from a peat soil in Amherst, MA (Amherst
peat HA), 2. a HA extracted from a mineral soil in Amherst, MA (Amherst Mineral HA),
3. a HA extracted from a Mollisol under dragton grass in England (England HA). The
extraction of these HAs was described elsewhere (Stevenson, 1994).
The ID proton pulse sequence is very simple: a 90° pulse followed by detection
(Figure 6.1). The pulse sequence of 2D WISE was developed from the standard CP/MAS
(TOSS) experiment by placing an incremental delay (t,) after the initial 'H 90° pulse
(Figure 6.1). This allows the detection of the decay of the proton magnetization through
the amplitude modulation of the l3C signal generated by cross polarization. Fourier
transformation over the incremental time (t,) and detection time (t2) provides 'H wideline
spectra separated by the corresponding l3C isotropic shifts. The mobility of diffierent
segments can be indicated separately in this technique.
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The NMR experiments were performed on a Bruker MSL-300 spectrometer at a
'H frequency of 300.11 MHz and a 13C frequency of 75.43 MHz. The ID proton
experiments were conducted under static condition with the 90° pulse length and 16
scans. The WISE experiments were performed at the spinning speed of 4.5 kHz. An
incremental delay (f) after intial 'H 90 pulse and before contact time was inserted. A
TOSS pulse sequence was used to suppress sidebands. 256 t, increments with a t, of 4 ps
were used. The CP time was 80 ps.

Results and Discussion
Figure 6.2 shows one of the typical !H spectra, Amherst Mineral HA. Rigid
components show relatively broad 'H lines and mobile components exhibit molecular
mobility. We do not find the clear boundary between the mobile and rigid components in
Amherst mineral HA.

This means that there are many different kinds of segment or

domain mobility in HAs. These different kinds of mobility comprise a picture of gradual
change from the most rigid components (the most broad at the bottom) to the most
mobile components (the most narrow at the top). Figures 6.3 and 6.4 show the variable
temperature *H wideline experiments of Amherst peat HA and England HA, respectively.
High temperature can make some of the HA rigid components more mobile. Actually, in
our case, we do not observe much mobility difference for either Amherst peat HA or
England HA at different temperatures. For the Amherst peat HA, the 'H wideline spectra
at 27 °C, 67 °C, and 87 °C are almost the same. Some of the components became more
mobile at 107 °C and even more mobile at 127 °C as the top spectra became more and
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more narrower. This component could be bound water in HAs. However, the bottom
linewidths stayed the same at different temperatures, showing that the mobility of the
most rigid component in this HA did not become mobile with the temperature rising up to
127 °C. A similar trend was found in England HA. The 'H wideline spectra at 20 °C, 47
°C, and 57 °C are almost the same. Some of the components (could be water) became
more mobile at 77 °C and even more mobile up to 107 °C. Actually, from 87-107 °C,
there was almost no mobility change. Also, the mobility of the most rigid component in
this HA did not become more mobile with the temperature rising up to 107 °C. High
temperature has almost no effect on the mobility of segment mobility in HAs as indicated
by ID proton experiments. The ID experimental results indicate that HA is a very
heterogeneous mixture, consisting of components of different mobility. ’H wideline
spectra can only give an overall mobility of HAs. There is no sharp boundary for phases
with different segment mobility, just indicating there are relatively more mobile and
relatively more rigid components in HAs. Thus, this technique may not be applicable for
the study of heterogeneous polymers such as HS. This limitation can be overcome by
using 2D WISE. Figure 6.5 is the 2D WISE of Amherst Peat HA with CP of 80 ps. One
dimension of this 2D WISE indicates the carbon chemical shifts, referring to aliphatic-C,
carbohydrate-C, anomeric-C, aromatic-C, phenolic-C, carboxylic-C while the other
dimension shows the 'H widths, respectively. The short CP (80 ps) prevents the
possibility of spin diffusion during CP. Otherwise, it is difficult to tell whether the 'H
linewidth change is due to mobility or spin diffusion. However, in our case, it is
impossible to see mobility difference of different functional groups due to the same half
linewiths. Then we obtained different columns to see 'H wideline spectra for different
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fancncmal group: aliphatic, carbohydrate, aromatic and carboxylic groups (Figure 6.6).
The H wi deline spectra of respective functional groups obtained from 2D WISE arc
different from thai trom the whole sample. \\ e can see clear phase separations of the 'll
sideline spectra from 2D WISE. This is because there is much fewer kinds of mobility
tor an individual group than tor a whole sample. For the aliphatic, carbohydrate, and
aromatic groups, there were at least three kinds ot mobility. For the carboxylic group,
there were at least two kinds of different mobility. We cannot tell what causes different
mobility of the same functional groups at this stage.

Conclusions
ID proton sideline can only estimate the overall mobility of HAs while 2D WISE
dearly indicated the mobility7 difference for different segments and even for the same

segment. Further investigation is needed to explore why the same segment has different
mobility.
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Figure 6.1. Pulse sequences of ID proton and 2D WISE
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